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1. Introduction

Organometallic compounds containing the allyl (C.H;) moiety are of three
types:

(i) g-allyl; a terminal carbon atom is g-bonded to the metal atom with a
localised double bond between the two remaining carbon atoms. Examples are
(0-C3H;)3B [1] and ¢-C3H;Mn(CO); [2].

(ii) p-allyl: the ally} group bridges two metal atoms, being s-bonded to one
metal atom through a terminal carbon atom and to the second metal atom

* Present address.
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through interaction of the allyl double bond with the metal orbitals. Examples
are [u4-C3H;sPt(O,CsHy)l, [3], [1-C;HsPtCl],s [3] and (C,H;)sCr, [4]).

(1) w-allyl: the bond between the allyl group and the metal atom is de-
localised and multicentric.

2. m-Allyl—metal compounds: examples

7-Allyl—metal compounds can be of the pure allyl type, such as (7-C;H;),M,
n=2M=Ni][5,6],Pd|[5, 6], Pt[{7};n=3,M=Co[8], Rh[9], Ir[10]);:n =4,
M=Mo [11], Zr [6], Hf [6]. m-Allyl—metal compounds are also known which
have mixed ligands, containing groups such as a halogen [11—15] Je.g.
(7-C,H,PdCl), [13—15]], halegen and carbonyl [16—19][7-C;H;Fe(CO),Cl
[16—18]]), halogen and w-cyclopentadieny! [20—22] [7-C;H;Co(w-C;H;)I [20]],
halogen and triphenylphosphine [11, 23—27] {#-C,H;PdCIP(C,H;); {251},
carbonyl [28—31] [#-C;H.Co(CO); |28, 29]], carbonyl and nitrosyl [32—34]
[n1-C;H;Fe(CO),NO [32—34]], carbonyl and w-cyclopentadienyl [ 35—37])
[#-C3H;Fe(m-CsH)CO [35]], carbonyl and tnphenylphosphine [38—40]
[7-C H;Ir(CO)[P(C.H;);]- [40]], m-cyclopentadienyl [22, 29, 41] [#-C;H;Ni-
(m-CsH;) [29}]), 1,56-cyclooctadiene {42} {7-C;H;Rh(7-1,5-CsH,.) [42]], influoro-
phosphine [43—45]} [7-C;H;Rh(PF;); [43]], other tertiary phosphines [46, 47]
[7-C;H;RA[P(C.H;s)3]. [46]], and basic groups such as amines [48—51], acetyl-
acetonate 1on [15, 52], dimethylsulphoxide [53], pvrazolylborate [54, 551,
Schiff bases [ 56] and thiocyanate ligand [57].

The w-allyl group may be an isolated three-carbon system with substituents
at one or more of the terminal and central carbon atoms; it may be evclic or
part of a hydrocarbon ring system. Examples ar2 shown in la-lc.

H
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(@nti-1-C(CHy)3- T -C3H4PACl);  1,2,3-(CgMg )y~ TT-CNi(TT-CgH,) - TT- CqpHgFe, (CO)g
(ref 58) {ref 59) (ref 60)

3. Structure: tilting and asymmetric bonding

Many organometallic 7-allyl compounds have symmetnc w-allyl structures,
with the metal—terminal carbon bond lengths nearly identical. For example, the
bond lengths in (2-CH;-7-C3;H,),Ni [61] are M—C, = M—C; = 2.01 A, M—C, =
1.98 A; (7-C3H;PdCl), [62, 63]: 2.14, 2.17, 2.02 &; (7-C;H;),Ru[P{C H;);1.
[64]: 2.25, 2.23, 2.13 A; 7-C;H;Co(CO); [65]): 2.10, 2.10, 1.98 A.

The C—C—C angle of the w-allyl group 1s usually close to 120°, and this is
exemplified by the following compounds: (7-C;HsPdCl), [62, 63] (119.8%);
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(2-CH;-7-C3H4PdCl), [66](112.4°); (1,1,3.3-(CH;),:-7-C;HPACl), [67] (118%);
(7-C3H;).Ru[P(C¢Hs):1. (118° and 120°); 7-C;H;Co(CO); (128°) and
7-C;H.Pd(#-C;H;) [68] (117.57).

The plane defined by the three-carbon skeleton of the w-allyl group 1s
usually not perpendicular to the plane defined by the metal atom and the terminal
carbon atoms of the m-allyl group: examples are (2-CH;-m-C;H,).N1 (105.5°) and
[(7-C;H;)-RhCI], [69] (110.3°) but the angie of (2-CH;-7m-C;H,),Ru[P(OCH,): |,
[70]is 88.6°.

The three-carbon w-allyl plane 1s usually not perpendicular to the coordi-
nation plane of the molecule: e.g. in (7-C;H;PdCl), the dihedral angle between
the m-allyl and PdCl.Pd planes is 108°, with the central carbon atom tipped a-
way from the metal atom. Simularly, the dihedral angle between the metal coor-
dinate plane (that defined by the Pd. Cl and P atoms) and the w-allyl plane in
2-CH ;-w7-C;H,PdCIP(C,H;); [71]is 116°. The dihedral angle of n-CgH, ,Pd-
(CH,COCHCOCH;) [72]is 121.5%, and of {2-C.H;CO,-m-C;H;NiBr), [ 73]
106.2°, while the angle between the w-allyl group and the plane defined by the
carbonyl carbon atoms of 7-C;H:Co(COQ); is 36°. The three-carbon skeleton of
the m-allyl group of (2-CH;-m-C;H,;PdCl), makes an angle of 111.6° with the
PdCl;Pd plane and an angle of 108.5° with the plane containing the metal atom
and the terminal carbon atoms of the w-allyl group.

\When the chemical environment at one terminal carbon atom of the 7-allyl
ligand 1s different from that at the other, because of ligands having different
trans-effects, the bonding of the m-allyl group may deviate from the symmetrical.
The shortest Pd—C bond of 2-CH;-1-C;H,PdACIP(C,H;); [71] is that trans to
the chlorine atom: Pd—C (trans to Cl) = 2.14 &, Pd—C (cts to Cl) = 2.28 A, and
the C—C bond lengths are also unequal: C—C (trans to Cl) = 1.47 A, C—C (cis to
Cl) = 1.40 A. The two shortest Rh—C bonds of [(7-C;H;).RhCl]. [69] are those
trans to the two bridging chionne ligands: Rh—C (trans to Cl) = 2,12 A, Rn—C
(cits to Cl) = 2.25 A. Similarly, the compound (2-CH;-7-C;H ;). Ru[ P(OCH3);]
{701, in which the m-allyl ligands are mutually cis, has unequal Ru—C bond
lengths: Ru—C (¢rans to P) = 2.38 A, Ru—C (trans to C) = 2.18 A, The Pd—ter-
minal carbon atom bond lengths of 7-C;H;PdP(C_ H:):(SnCl;) [74] are equal
(2.19 A) and the trans-effect of SnCl; is therefore comparable to that of
P(C,H;)s.

The substituted w-allyl ligand is generally non-planar. For example, a methyl
substituent 1n the 2-position of the w-allyl group is bent out of the plane of the
w-allyl moiety towards the metal atom by 12° in (2-CH;-w-C3H,).Ni, by 11.8°
in (2-CH;-w-C;H,PdCl)., by 9.5 in 2-CH,-1-C;H;NiBr{ P(C.H;).CH:]. [75], by
0.5 A in 2-CH;-7-C3H,PACIP(C,H;); and by 0.17 A in 1,2-(CH;)}.-7-C;H,;Ti-
(m-CsH;), [76], whereas the methyl group in (2-CH,-7-C;H;).Rh[P(OCH,;);]-
are bent away from the metal atom by 12°. In {1,1,3,3-(CH,),-7-C;HPdACl], the
methyl groups in the anti-positions are bent towards the metal atom by 22.9°
and those in the syn-positions are bent away from the metal atom by 28.5°
[67]. The carboxylate group of (2-C.H;CO,-m-C;H,NiBr)., however, is coplanar
with the m-allyl plane {73].

The three- and five-membered rings of 1,2,3-(CsH; );-m-C;Ni(m-CsHs) [59]
are parallel (within 0.87%), but the phenyl substituents are twisted propellor-iike
out of the cyclic w-allyl plane. Other compounds having strained w-allyl systems
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are 7-(CH;3),Ci(0-C:H;)Ni(7-CsH;) [77], in which the dihedral angle between

the w-allyl and o-cyclopentadienyl planes is 0.7° and the m-allyl C—C—C angle

is 89, and 7-R;C,;0Co(CO); [78] [R = C,H; or CHj], in which the w-allyl C—C—C
angle is also 89°.

The m-allyl group in the hydrocarbon ring system of #-C,,HgFe.(CO)s [79]
is not coplanar with the 7-cyclopentadienyl group, and the central carbon atom
of the m-allyl group 1s 0.908 A below the 7-cyclopentadienyl plane. The acenaph-
thylenyl group of 7-C,,H;Fe,(CO); [60] and the benzy! group of 7-CgHgsNo-
(CO).(7-C;H;) [80] are approximately planar. The structure of T-CgHgFe,(CO)s
[81] is symmetrical about a inirror plane.

The n-cyclopentadienyl group of [7-C;H;N1(7-CsH;)]. [82] has a w-allyl-type
grouping, while the chlorine bridges of [1,3-(CH;),-7-C;H;PdCl}, [83] and
[1-C(CH;);3-2-CH;-7-C;H;PdCl ], [84] are bent: the angles between the Cl—Pd,—CI’
and Cl—Pd,—Cl’ planes are 1507 and 1487, respectively.

Substitution of a CO group of 7-C;H;Fe(CO);I [85] by P(CgH;): [861]
changes the M—C(m-allyl) bond lengths from 2.30 A and 2.09 A to 2.20 A and
2.22 4,

4. Conformational isomerism

7-C3H;sMo(CO).(7-CsHs) in solution exhibits IR and NMR spectra which
indicate the presence of two isomers [87]. The IR spectrum shows doubling of
the carbonyl stretching bands, and a temperature-dependence NMR study shows
that the isomers interconvert at temperatures ahove 0°, 7-C,H;Mo(CO).(7-CsHj)
also has four carbonyl stretch ng bands [88, 89| Lut the low temperature (—100°)
NMR spectrum indicates the presence of only one isomer [88]. Two carbonyl
bands disappear at —60° and the conformer ratio therefore varies with tempera-
ture.

The NMR spectra of m-C H;W(CO);X (X = Br, 1) both consist of two sets
of AN, X, spectra and are interpreted on the basis of the existence in solution
of unequal amounts of two isomers [90]. Increasing the temperature to above
80° results in broadening and subsequent collapse of the two spectra into one
AM, X, spectrum with a chemical shift intermediate between those of the two
isomeric forms. The halogen atom influences the ratio of the isomers. The possi-
bility of a g-ally!l intermediate during the interconversion process is unlikely be-
cause averaging of syn- and anti-protons (which accompanies g-allyl formation
from a w-allyl group) is not observed before decomposition.

The structure of m-C H;Fe(CO),;X (X = ClI, Br, I, NO,) and of the P(C,Hj;);
denvatives is lla, but in solution structure IIb is also observed, except when X =
NO; [91]. Only one i1somer is observed when the substituent on the central car-
bon atom of the 7-allyl group is CH; (X = Cl) or Br (X = Br). The ratio of the
two isomers decreases regularly in the series with the halogen, in the order
I > Br > Cl. The isomer ratio could be governed by the spatial requirement of X
or by the energies of the i1somers, the relative energies depending on the relative
donor—acceptor interactions of the allyl—metal and metal—halogen bonds.

In the series of compounds 7-C;H;RCo(CO),X [R = H, 1-CH;, 2-CH,, 2-CI,
X = P(CoH;)s, P(OCoH;);, P(n-CsHs);; R = 2-CH;, X = P(OCH,);CCH; ] the mult1-
plicities and intensities of the IR carbonyl stretching bands indicate that isomer-
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ism exists due to mutual restricted rotation of the substituted w-allyl group and
the phosphorus-containing ligand [92]. The major and minor components of
the carbony! bands are separated by 9-16 em™! and the relative intensities of the
components and therefore the proportions of the isomers depend on the sub-
stituent and the phosphorus-containing ligand, with the higher proportions of
the minor components being produced by the Cl-substituent and the P(OC¢H;);
ligand — the set having the greatest stenc bulk. The lower frequency band of
each pair of bands is always the more intense, indicating that the major com-
ponent has an identical conformation for eiach molecule.

The compounds 7-AMo(CO).(7-CsHs) and 7-AMo(CO),{7-CoH-)
[w-A = -C;H; or the 2-CH;, 2-Cl, 2-Br, 1,1-(CH,),, 1,1,2-(CH,); denivatives}
also consist of isomers [931. The major isomer configuration of the 2-CH,, 2-Cl
and 2-Br compounds was deduced to be Illa and the greater intensity of the high
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frequency carbony! stretching modes led to their assignment to isomer Illa. In
the 1.CH,, 1,1(CH,). and 1.1,2-(CH,); compounds the isomer I11b is predomi-
nant. Large changes in the equilibrium constant take place when solvent and
temperature are varied, but the principal contribution to the stability is the reala.
tive magnitude of steric interactions between allyl substituents and the cyclo-
pentadienyl! (or indeny}) ring. Syn- and anti-protons are not averaged during
1Isomer interconversion and rotation about the metal—w-allyl bond is suggested.
Eclipsed (cis) and staggered (trans) isomers of (7-C;H;):M (M = Ni, Pd) 2x-
plain the two AM,X, NMR spectra observed {94]. The spectra of (7-C,;H;R)-Pt
(R = H, 2-CH,;) are also consistent with the presence of two isomers [7}. The
trans-isomer of (7-C;H;).Ni predominates in the liquid phase, and the proportions
are ca. 3/1. The isomer proportions are not influenced by temperature in the
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range —70° to 30°, but the relative intensities of the two AM,X, spectra are af-
fected by temperature in the range 10° to 70°. No vibrational evidence has been
found for the presence of significant proportions of the cis-isomer, and the
trans-isomer is predominant [95].

Three sets of AM.X,; patterns in the NMR spectrum of (7-C;H;);Rh [21, 961
at —74° indicate the presence of three distinct types of symmetrically-bonded
m-allyl group. Two sets of peaks coalesce on increasing the temperature from
—74° to 10°, indicating exchange between two non-equivalent m-allyl groups.

The process 1s explained by an equilibrium between the isomers 1Va and I1Vb

A 1 —_
RO Rh
NN
(IXQ) (IZb)

caused by a rapid rotation of w-allyl group A at 34°, making the ally! groups B
and C magnetically equivalent, while at —70° the more restricted rotation of the
allyl group A causes tlie non-equivalence of allyl groups B and C observed in the
NMR spectrum. The NMR spectrum of (7-C;H; );Ir at room temperature is sumi-
lar to that of (w-C3H;);Rh, with two sets of m-allyl peaks in the ratio 12 [10].
The compound (7-C;H;).Pd,(0O,CCH;), has three possible isomeric confor-
mations (Va-c). The structure in the solid state 1 Va [97], in which the w-allyl

T T T el — T

Pd Pd Pd Pd Pd Pd

(Za) (¥b) (¥c)

ligands are non-equivalent. At temperatures above 30°, NMR equivalence of the
w-allyl lizands is observed [98]. At —20°, in the unsubstituted, 2-CH; and
1,1-(CH,;), compounds, two overlapping AA'BB'X spectra of relative intensifies
1/1, 9/1 and 3.5/1, respectively, are observed. At —60° one of the n-allylic
resonances of each compound splits into two further allylic resonances of equal
intensity, which are likely to be due to two non-equivalent allyl groups in one
isomer (Va). Steric factors suggest that conformation Vb is unfavourable, and
the major isomers in solution are therefore likely to be Va and Ve. The Va = V¢
exchange process could involve a bimolecular interaction of (7-C;Hs),Pd.(0O,CCH3),
molecules or a m-allyl rotation. Addition of weak bridge-splitting ligands (e.g.
DMSO) results in an increase in the rates of the exchange processes, favouring
the former explanation.

The compound (7-C;H;:).Pd.[1,3-(CcH;).N3]: has two AM,X, patterns in
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the NMR spectrum 1n the temperature range —60° to +30°, and the spectrum is
invariant in this range [99], unlike the analogous acetate complex. There are two
non-equivalent w-allyl groups and the predominant isomer is therefore analogous
to Va. The 2-CH,; derivative has only only one M.X, pattern and the structure is
therefore analogous to Ve. The temperature invariance of the NMR spectrum 1s
in contrast to that of the acetate compound and precludes the operation of a
bndge inversion. a non-dissociative allyl rotation or a bimolecular exchange. A
high-energy barrier to inversion due to an electronic effect or to steric repulsions
between phenyl substituents during the inversion process is the likely cause of
the resistance to bridge-splitting by some reagents.

5. Syn—anti isomerism

Isomerism in w-allyl—metal compounds arises from the non-equivalence cf
the svn- and anti-proton sites in the w-allyl group. The 7-allyl group 1s usually
tilted, with the central carbon atom tipped away from the metal atom (Section
3). In w-allyl—metal compounds substituted at a terminal carbon atom the
syn-1somer is expected to predominate because of less steric interaction with the
metal atom. Accordingly, both syn- and anti-isomers of 1-CH;-7-C;H;Co(CO).,
exist [29, 100], but the syn-isomer predominates, and similarly the syn-isomer
predominates in 1-CH;-w-C3H,;Co(CO).PR; (R = n-C,;H,. C_H:) [101]. The
svn-isomer of 1-CH;CH,-m-C3;H1Co(CO); predominates and thermal 1somerisation
of the anti-isomer is complete at 90° in 1.5 hours [100]. Three isomers are pcs-
sible in 1,3-(CH;),-1-C3HCo(CO); (Vla-c), but only VIa and VIb are observed,
with VIa predominating [100].

(¥Ia) (I b) (Mc)

A structure determination of [1,3-(CH;),-m-C;H3PdCl]. shows that the
methy! groups each occupy the syn-position [83]. However, the tert-buty! group
of [1-C(CH,);-2-CH;-w-C3;H;PdCl}, occupies the anti-position [84] and the percen
tage of the anti-isomer has been shown to increase with the steric bulk of the
1-substituent. The tert-butyl compound has 85%% anti-isomer. the isopropyl com-
pound 56% and the neopentyl compound 37%. The syn-1somer 1s exclusively
formed 1n the 1-ethyl and 1-methyl compounds. The stenc effect of a large
substituent of the olefin in a synthetic intermediate is believed to be responsible
for the predominance of the anti-1somer in the tert-butyl compound [84].

Analysis of the NMR spectrum of (1-CH,CO-2-CH,-r-C;H,PdCl), and the
As(C.H;), derivative suggests that the anti-isomer is more favoured in solution,
minimising interaction between the acetyl and methyl substituents {102], ind
the isomer ratio of (1-C,H;0-2-CH;-7-C;H,PdCY). is anti/syn = 65/35 [103) The
predominant isomer of 1-CH;CO-2-CH;-7-C;H;PdCI{C;H:N) is also the
anti-isomer {104], but the only isomer of 1-CH;CO-7-C;H,;PdCI(C;H;N) is the
syn-isomer [104]). When the steric bulk of the 1- and 2-substituents is great, as
n (1-C,H:CO-2-C¢H;-m-C3H;PdCl);, only the anti-isomer is formed, and when
the substituents have less steric influence on each other, as in {1-CH;CH,CH,CO.
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-2-CH ;-a-C3H;PdCl)., 65% of which is the anti-isomer, the percentage of
syn-isomer increases [105].

Addition of a coordinating compound to ant:-[ 1-C(CH;);-2-CH ;-7-C;H;PdCl],
results in isomerisation to the syn-isomer. Prolonged heating of the synthetic reac-
tion mixture also produces the syn-isomer [84]. Similarly, 1-CH;-7-C;H;Co-
(7-C;H,)P(CcHs),, which forms the anti-isomer practically free of syn-isomer, 1s
rapidly transformed into the syn-isomer by the action of P(C,H;),;, (C;H;N) or
{CH;).S0, even at room temperature [106]. The fact that 1somerisation is caused
by coordinating compounds suggests that it occurs through a n—o—r intermediate,
with free-rotation around the metal—carbon bond [106] (Section 6).

1,1-(CH;).-71-C3H;Co(PF;); isomerises to anti-1-CH;-2-CH;-7-C3;H;Co(PF,);
on heating to 60° [44], and 1,1-(CH,).-7-C;H;Rh(PF,}; isomerises to
syn-1-CH;-2-CH;-7-C;H,Rh(PF;); at the same temperature but at a faster rate
than the cobalt compound. 1,1-(CH,).-w-C;H;Co(CO);, however, shows no
tendency to isomense to 1,2-(CH:).-w-C3H;Co(CO}; on heating [44]. Addition
of HRh(PF;); to isoprene (CH.=C(CH,)CH=CH,) yields initially equal amounts
of the svn- and anti-isomers of 1,2-(CH,;).-7-C;H;Rh(PF;);, but the anti-isomer
isomerises on heating to the svz-i1somer [44].

6. Fluxional character

A molecule which is fluxional has several configurations which are equiva-
lent in structure and bonding. In many cases, as the molecule passes from cone
configuration to another, some atoms pass through several different environ-
ments within the molecule. An example of a fluxional w-allyl molecule is
7-C;H,Co(CO); (VI11), which has only one proton NMR signal at room

Co(CO); Cn(CO)4
(Y a) (Y1 b)

temperature due to rapid interzonversion (on the NMR time scale) of the in-
stantaneous structures of type Vlia, but at very low temperatures (ca. —1407%)
a more complex spectrum is obtained [S88] due to the existence of only one
instantaneous structure. Similarly, #-C;H;Mo(CO),(7-C;H;) has only one reso-
narice at room temperature but a more complex spectrum at —100° [88].

The w-allyl compound, 7-C,H;CH,Mo(CO).(7-C;H;), which in the
solid-state has structure VIII [80], also has a temperature dependent NMR
spectrum [107]. At —30° the methylene protons and the protons at carbon
atoms 3 and 5 and carbon atoms 2 and 6 are distinct, but become equivalent
on increasing the temperature to +64°. Possible mechanisms are (i) rapid rotation
of the benzyl group around the C;—C,—C; axis; (ii) revolution of the Mo(CO).-
(7-C;H:) moiety around the ring; (iii) formation of a o-benzyl intermediate at
higher temperatures causing interconversion of the bonding of C,, C, and C, of
the benzyl group to the Mo(CO),(7-CsH;) moiety to bonding of C,, C, and C,.
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Syn—antt proton-site exchange: w—o—mn-transformations

Exchange of the syn- and anti-protons on one side of the w-allyl group in
some w-allyl—metal compounds takes place under the influence of donor ligands
or temperature. The behaviour of the w-allyl group in the compounds
7-C;H,;RPdACIL (R = H, 2-CH;; L = Group V donor ligand) has been studied as a
function of the type of ligand L, the ligand-to-metal ratio and the temperaturc
[108]. Interchange of the syn- and arti-protons of the m-allyl group in
m-C;H,PdCIL via a c-allyl intermediate is caused by interactions with L
[P(CgHs) or As(CgHs)3] [109—111] or of 7-C,H,PdCIP(CHs), with (7-C3H,PdCl),
at temperatures below 20° [112]. Similarly, addition of pyridine to
2-CH;-7-C;H,PA[P(C,H;),CH-:]. promotes rapid syn—ant: exchange [113].

Interchange of the syn- and anti-protons cis to the phosphine group in
2-CH(CH,),-r-C,H,PdACIP(C¢H;); 1s accompanied by exchange of the methyl
groups in the 2-isopropyl side-chain, but not of the syn- and anti-protons trais
to the phosphine group {114]. Exchange of protons at the carbon atom (C;)
cis to the phosphine group in 1-CH(CH;),-7-C;H,PdCIP(C¢H:); occurs at the
same rate as that of the methy! groups in the 1sopropyl side-chain, which, how-
ever, remains in the syn-position {114, 115]. The interchange of the methyt
groups in 7-C;H;PdCIP(CH;),(C.H;) is accompanied by interchange of the protons
cis to the phosphine group. The results therefore indicate a transition state or
transient intermediate having a ¢-allyl group (1X). In the transition state H, and
H. are equivalent but H, and H, are distinct.

4 2
2
3 1
Pd
C,/ \P(CH3)2(C6|-J;_-,)
(IX)

In a compound in which the 7-allyl group is trans to a sulphur and an oxy-
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gen atom, the protons cts to the sulphur atom exchange preferentially and this
is also interpreted 1n terms of a short-lived o-ally]l intermediate [116], and so
also is the epimensation of a-phenylethylamine complexes of 1-substituted
m-allyl ligands, which is accompanied by proton interchange at the unsubstituted

terminal carbon atom [51].

Syn—anti proton-site exchange in the absence of base takes place in (7-C:H;),Zr
[6]at —20°, (7-C.H;);Th [5] (10°), (71-C;H;),Hf [6] (—72°) but not in

(7-C3HsPdCl): [117] at 150%, 7-C3H Rh[P(C.Hs)s1: [46] (130°), 7-CyHsMn(CO)s
[117]1(180%) or (7-C3H;):Mo [11] (170°), and the mechanism of exchange in

(7-C3H;):Zr has been discussed [118].

Qvn—s,n aind syn—anti proton-site exchange

Interaction of #-C;H,PdCIP(C¢H;); with (7-C,H,PdCl). induces syn—anti
proton-site exchange cis to the phosphine group. 4t temperatures below 20°
{112]. At higher temperatures exchange of svn-protons and simultaneous ex-

change of the anti-protons occiirs [112]. Similar processes take place in

2-CH;-7-C3H,PaCIiP(C,H;); in the presence of a small excess of P(C,H:); {119,
120]}. Syn—syn exchange occurs in #-C;H;Ir(CO)[P(C,H;);1: and at higher tem-
peratures syn—antt exchange is observed [40]. The syn—syn exchange process
can be explained by a rotation of the 7-allyl group about an axis passing through

the allyl plane and the metal atom [40].

A mechanism 1nvolving a bimolecular Sy2 substitution reaction has been
used to interpret the pyndine-promoted syn—syn exchange in m-allylpalladium
picolinate and oxinate complexes [121]. Expernnmental data on tertiary phos-
phine-promoted syn—syn and syn—eant: exchange indicate that ligand-promoted
proton-site exchange occurs by consecutive Sy2 substitution reactions, and that
a low-energy in-plane rotation of the w-aliyl ligand is not involved {122]. Mech-

anmisms of PR ;-promoted proton-site exchange irn compiexes of the type

7-C3H;PdCIPR; [122] are shown in Scheme 1. The ease of formation of a ¢-allyl
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intermediate depends in part on the position and electronic and steric character
of the alkyl substituents. Thus syn—syn exchange occurs first in the 2-CH, com-
pound, for example, but syn—anti exchange has priority when the m-allyl group
has terminal substituents [122].

7. Insertion reactions

Reactions of w-allyl—metal compounds with 1,3-dienes [123—1291, a strain-
ed olefin [130], an acetylene [131], fluorocarbons [131—133}, isocyanides [134,
135], sulphur dioxide [7] and carbon monoxide [127, 136G] result in cleavage
of the w-allyl—metal group and formation of products in which tne ligand is in-
serted between the allyl group and the metal atom.

The rate of formation of the insertion products of the reactions of
(m-C;H,RPdAX), with substituted 1,3-butadiene compounds increases with in-
creasing electronegativity of the bridging ligand [123, 127}, decreases with in-
creasing substitution of the diene [123, 127], and increases with increasing
electron withdrawing properties of the substituents of the w-aliyl group [123,
126]. The conjugated diene always enters the allyl group at the most substituted
carbon atom [127]. The observations of svn—ant: proton-site exchange during
the diene insertion reactions [123], and the stereochemical features [123] indi-
cate that the same kind of ¢-ally!l intermediate which provides a pathway for
base-promoted proton-site exchange also plays a part in an initial stage of the
insertion reaction. The factors influencing the reactions suggest that the diene
coordinates to the metal atom through the least substituted double-bond to give
a g-allyl intermediate, (g-allyl){(diene)Pd(Y). The diene adopts a cis-configuration
within the intermediate and then reacts with the g-allyl group, with a mechanism
of the type shown in X {123]. Support for the mechanism is provided by the

increase in electric conductivity of (7-C;H:PdCl), on addition of small quantities
of C;H, [129]. The conductivity increases exponentially in the temperature
range 0° to 60°, which is the same temperature range in which line broadening
and shifting is observed in the NMR spectra, as a result of chemical exchange.
Rapid exchange between dimeric and various monomeric forms is the most
favoured explanation.

Reaction of the isocyanide C,H,;;NC with (7-C;H:PdCl), gives the product
X1 [134]. The reaction 1s favoured by high electron donor ability of the isocya-
nide group, with the initial stage of the reaction being bridge-cleavage of
(m-C;H;PdCl), [134].
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[ (csHﬂ)N=c\ /cu 7]
Pd’

N
~
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CH,==CH—CH,—C

L N(CgH,;) -5

(x1)

The compounds (1-CH,Cl-7-C;H,PdCl), and (1-C.H;OCH,-2-CH;y-7-C3H ;-
PdCl). can be carbonylated at two sites to give different products, depending
on reaction conditions [136]. Thus the former compound reacts in a 1/2 ratio
in ethanol to give CH;CH=CHCH,CO.C.H; and in a 3/2 ratio in benzene at room
temperature to give CH.CIC 1=CHCH,COCI. The latter product can be formed
through attack of CO at the carbon atom of the substituent or through a car-
bonium ion intermediate and Cl attack at the unsubstituted terminal carbon
atom of the allyl group. The reaction of CO with (7-C;HsPdCl), has been studied
kinetically. The results are described by a mechanism in which an unstable five-coor-
dinate complex is formed by coordination of CO to Pd and transforms to a
four-coordinate species by splitting the bridge [127). CO always enters at the
least substituted carbon atom [127].

Reaction of C.F; with 7-C;H;RCo(CO); (R = H, 2-CHj;) results in coordi-
nation of C.F; to the metal atom, with the allyl group o-bonded {132}. The
g-bonded carbon atom then migrates to C.F;. possibly promoted by coordina-
tion of the allyl olefinic group. An alternative mechanism involves nucleophilic
attack by 7-C;H,RCo(CO); on C,F,. forming :iin ionic intermediate, which col-
lapses by reaction of the carbanion with the cationic -allyl system [132].
Reaction of (CF;),CN. with m-C;H;RCo(CO); (R = H, 1-CH;, 2-CH;) gives a
stmilar type of insertion product [137], with evolution of N., while reaction of
1-CH;-7-C;H,PdCIP(CH,).(C,H;) with CF;C=CCF,; gives insertion of the fluoro-
acetylene at the unsubstituted terminal carbon atom of the w-allyl group [131].

The reaction of SO, wizh (7-C;H;).Pd gives C;H;Pd(S0O.C;H;)} [7] but no
reaction mechanism has been proposed.

8. Bonding
Ovzrlap 1ntegral calculations on the w-C;H;M (M = Pd, Pt, Ni) group indicate

that the energy of the bonding is optimised when the 7-allyl group of 7-C;H;Pd
has an angle of tilt of between 103° and 114° (XII) [138]. However, Slater functions

/CZ
<, C3

(X1)
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have been criticised [139]. A qualitative description of the bonding in
(m-C3H;PdCl), suggests that the principal bonding interaction is between y,*

and a metal d orbital [108], with the m-allyl group acting as an electron-donor.
The bonding between the w-allyl anton and a metal atom has been discussed by
considering the interactions of ¥, and ¥/, with the metal orbitals [140}. There

is no particular steric requirement for maximum ¢ ,—M bonding but ¥,—M bond-
ing is maximised when the structure 1s XIiIa, with C, and C; in the x=-plane.
Maximum ¥;—M bonding is attained when the {; node 1s in the xz-plane (XIIIb).
The structure 1s resolved by a tilting of the w-allyl group in structure XIIIb to
maximise ¢,—NM bonding.

zZ 4

(XITra) (XTI b)

Semi-empirical molecular orbital (MO) calculations on (7-C;H;).Pd [141]
show that the ¥, orbital interacts mainly with M(s, p) orbitals, but ¢, interacts
principally with M(d) orbitals, with the m-allyl group acting as an electron-donat-
ing ligand. Semi-empincal seif-consistent charge and configuration (SCCC) MO
calculations on (7-C;H;).M and (7-C;H;MCl). (M = Ni, Pd, Pt) show the dual
capacity of the 7-allyl group to behave as an electron-donor or acceptor, with
the ¢, orbital acting as an electron-donor in boih sets of compounds [142].

The i/, orbital is an electron-donor in the (7-C;H;MCl), compounds, but an elec-
tron-acceptor in the absence of electron-withdrawing ligands in (7-C;H;).M.
Self-consistent semi-empirical MO calculations on (2-CH;-7-C,H;).M (M = Ni, Co,
Fe, Cr) show that the relative stability of the Ni compound can be rationalised

by two factors: the low energy of the Ni 4s orhital, which is the only electro-aitrac
tive 4s orbital among the four compounds, and the gradual dispersion of the 3d
orbitals from Ni to Cr [143].

The results of an ab initio MO calculation [145] on (7-C;[45).Ni have been
shown to be consistent with the photoelectron spectrum by taking into account
the electronic relaxation upon ionisation [146]. There is no relationship between
the sequence of ionisation potentials and the sequence of MO energies, indicat-
ing the breakdown of Koopmans’ theorem for the molecule [146].

Asymmetric bonding of the m-allyl group of 7-C;HsPdCIP(C,H;); has been
explained by the opposing trans-electronic effects of the Cl and P(C,H;); ligands,
with the increased electron density of Y, and ¥/, on the carbon atom trans to
the P(CsH;); hgand weakening the M—C bond [140]. The difference in ligand

¥ Huckel orbitals (depicted tn ref. 144) are as follows. v | = 'l_:(‘Pl ~\2u3- 930, 92 = 1230 —03). and
U3= 500 —\/59: +23)
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trans-effects causes a higher degree of g-bonding in 7-C;H;Pd(OCOCH,;)P{C:Hs);
than in 7-C;H;PdCIP(C,.H;); leading to an intramolecular 7—o—m reaction with
svn—anti proton-site exchange at an attainable temperature in the absence of
donor ligands for the former compound but not for the latter [ 140]. The trans-
effects of SnCi,; and P(C,H;), are sumilar and the NMR spectrum of
7-C3;H;PdSnCLP(CH;); [147] resembles that of (m-C;HsPdCl), rather than that
of m-C,H;PdCIP(C.H;);. The trans-effect of the Cl lgand in 7-C;H;PdCIP(C.Hs);
increases, and approaches that of the acetate group. 1n the presence of acceptor
molecules, and allows 7—¢— reactions with syn—anti proton-site exchange to
occur at lower temperatures [ 140].

Conformational isomerism in the compounds 7-C;H,;RFe(CO);X (X = Cl,
R =H,CH;; X =Br, R = H, Br; X =1, R = H) has been discussed in terms of
ligand—metal interaction [91]. The principal contributions to the w-allyl—metal
bonding are regarded as interactions between the 7-allyl &,; and > orbitals with
metal p. and d .. orbitals, respectively. The central carbon atom contnbutes to
the ¥ ,—p. interaction only, and 1s ca. 0.2 A nearer to the metal atom in isomer
Iia. With decreasing electron-withdrawing power of the halogen from Cl to 1,
the ¥,—p- contribution to the bonding decreases together with a decrease in the
energy difference between the two rotational isomers. At the same temperature
there should be a higher proportion of isomer [Ib for the icdide than for the
bromide or chloride, which has been observed.

9. Substituent effects

The role of substituenis in the development of the chemistry of the 7-allyl—
metal group has been extremely important. Substituents in the 7-allyl group
may be bent out of the plane of the carbon atoms of the m-allyl group, and can
affect the ratio of conformiitional isomers, onginate svn—ant: isomerisation and
influence the syn—ant: isomer proportion; th2y have been useful in understand-
ing syn—anti proton-site exichange, and influence the rates of 1nsertion reactions.

The carbonyl monosubstitution of a-C;H;RCo(CO); (R = H, 1-CH,;, 1-Cl,
1-CH;0CO, 2-CH;, 2-Cl, 2-Br, 2-C_H;) by P(C.H;). proceeds at a rate which de-
pends on the substituent R and its position in the m-ally] group [38]. The elec-
tron-releasing methyl group and the electron-withdrawing chlorine in the 2-posi-
tion accelerate the reaction, whereas the same substituents in the 1-position de-
celerate the reaction. The reason for the unusual behaviour cannot be steric be-
cause the 2-Br substituent accelerates the reaction less than the 2-Cl substituent,
which causes a faster reaction than the 2-CH; substituent { 38]. The infrared car-
bonyl stretching frequencies of #-C;H;RCo(CO); (R = H, 1-CH,;, 1-Cl, 2-CH;,
2-Cl), however, correlate with the Hammett—Taft 0 parameters [148].

The inductive effects of substituents in #-C;H;RFe(CO),NO (R = H, 1-CH;,
1-Cl, 2-CH,, 2-Cl) correlate with the infrared carbonyl stretching frequencies
[149] and with the half-wave potentials obtained from polarographic curves
[150]. The inductive effects in #-C;H;RFe(CO),NO (R = H, 2-CH;, 2-Cl, 2-Br)
correlate with the dipole moment values [151], the 2-CH; substituent increasing,
and the 2-Cl and 2-Br substituents decreasing the dipole moment. The kinetic
and polarographic studies show that substituents in the 2-position have a larger
influence than substituents in the 1-position.
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Substituents (CH;, C.H;) in the 2-position of the w-allyl group lower A ¢
in the electronic spectra of 7-C;H,RT1(7-CsH;)., whereas the same substituents
in the 1-position raise A, [41].

The ratio of intensities of peaks characterising ions formed in the mass
spectra of #-C;H;RFe(CO);X (R = H, 1-CH;, 1-C,H;, 2-CH,;, 2-C,H;, 2-Br; X = Cl,
Br, I, NO;) depends on R and X [152].

10. Selected physical methods

Kinetics

The rates of monosubstitution of 7-C;H;RCo(CO); (R = H, 1-CH3, 1-Cl,
1-CH,;0CO, 2-CH,, 2-Cl, 2-Br, 2-C_H;) by P(C,H;s); [ 38} and of the mono- and
di-substitution of 7-C;H;Co(CO); by P(OCH,);CCH, [153] have been discussed.
The rate of reaction of P(C¢Hjs); with m-C3H;Co(CO); is independent of phos-
phine concentration above 0.061], and the data suggest a dissociative-type mech-
anism.

The compound 7-C;H;Fe(CO),NO reacts relatively slowiy with various
tertiary phosphine and phosphite compounds, at rates which are unaffected by
changes in dielectric constant or coordinating ability of the solvent [154].

The compounds 7-C;H;Fe(CO);X (X = Cl, Br, 1) react readily with P(C,H:);
[18]. The bromide and 10dide appear to react with second-order Kkinetics, the
rate depending on both the iron complex concentration, and the concentration
of phosphine. The chloride is most reactive and the second-order reaction rate
constants decrease with time.

Polarography

A general mechanism for the electrochemical reduction of w-C;H;RFe-
(CO).NO (R = H, 1-CHj, 1-Cl, 2-CHj3;, 2-Cl) has been proposed [150]. The
reaction is a bielectronic process, involving breakage of the 7-C;H;—Fe bond,
whereas reduction of w-C;H;Fe(CO);X (X = Cl, Br, I) proceeds by addition of
one electron to the Fe—X bond [155], leading to Fe—X bond cleavage. The
half-wave potentials of (7-C;H:;PdX), (X = Cl, 1) and #-C;H;Pd(7-C;H;) are al-
most equal, indicating that the electron change 1s localised on an orbital of the
metal atom [156].

Vibrational spectra

The diagnostic peaks of the w-allyl group [#(C—C—C) 1400 cm™', §(C—C—C)
500 cm™!'}in the infrared and Raman spectra have been useful for distinguishing
between a m-ally! group and a g-allyl group [¢(C=C) 1550 cm™'].

Partial infrared data are available for many m-aliyl—metal compounds [157],
but the vibrational spectra, with full assignments of bands, of only
(7-C3H;RPdX). (R = H. CH;; X = Cl, Br) [158, 1591, #-C;H;Mn(CO), [160].
7-C.H:;Co(CO); [161, 162}, 7-C3Rs;Fe(CO),NO (R = H, D) [163], (7-C;H;R),M
(R=H, M= Nij, Pd; R = 2.CH;, M = Nij) [164]} and (7-C;H;);M (M = Rh, Ir) [ 164]
have been investigated in detau. The detailed vibrational spectra of
7-C;H;sRCo(CO); (R = H, 1-CH;, 1-Cl, 2-CH;, 2-Cl1) have also been investigated
[148].

The low-frequency bands of the palladium compounds have been assigned
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with the aid of the ''*Pd isotopic compounds [159]. The spectrum of
m-C3H;Mn(CO),4 can be explained on the basis of C, rather than C,, local sym-
metry of the Mn(CO); group [160], whereas the spectrum of 7-C;H;Co(CO);
can be assigned on the basis of a symmetrical M(CGO); group of C;, local symme-
try [148, 161, 162]. Substituents (1-CH;, 1-Cl, 2-CHj;) on the w-allyl group per-
turb the C,, symmetry of the M(CO), group [148]. The skeletal vibrations of
(2-CH;-w-C;H,):Ni are consistent with C,, symmetry of the molecule and no
vibrational evidence has been found for the existence of staggered and eclipsed
isomers of (7-C;H;).M [164].

Mass spectra

Fragmentation of 7-C;H;RFe(CCG):X (R = H, 1-CH,, 1-C.H;, 2.CH;, 2-C,H;,
2-Br; X = Cl, Br, I, NO;) proceeds principally through cleavage of Fe—CO and
Fe—X bonds. The ratio of peaks characterising the ions formed depends on the
nature of R and X [152}.

Successive decarbonylation and elimination of the w-allyl group, and of 1
but not of Br, are observed in the mass spectra of #-C;H,;W(CO);X (X = Br, I)
[90]. Successive decarbonylation of 7-C;H;Mo(CO).(n-CsH;) is observed fol-
lowed by formation of the [7-C,H;M(7-CsH;)]* and [M(a-CsH;)]™ ions [165].

A similar fragmentation pattern is obtained from #-C;H;Ru(CO)(#-C;H;), but
m-C,H; Fe(CO)(m-CsHs) gives the mass spectrum of (7-C;H;s).Fe [165].

Degradation of the parent ion of 1-CH,-#-C;H,Ti(m-CsHg) occurs via pro-
gressive elimination of one- and two-carbon units firstly of the m-allyl group and
then of the cyclooctatetraene group [1G6].

The elimination of chloride and allyl fragments from (7-C;H;PdCl), occurs
with possible formation of & new and stronger Pd—Pd bond [167], and the mass
spectra of [(7-C;H;R),RhCl}], (R = H, 2-CH,) suggest that cyclisation of the
metal-bonded allyl moiety occurs to form cyclopropenyl—metal fragment ions

167].
[ The mass spectra of (7-C;H;),M (r = 2, I = Ni, Pd, Pt; n = 4, N = Zr, HY)
have also been investigated [8].

Méssbauer spectra

Th~ Mossbauer and inirared spectra of w-C;H;RFe(CO),NO (R = H, 1-CHj;,
92-CH,, 1-Cl) indicate that the metal s electron density is relatively unaffected by
m-allyl substituents, and that the inductive effects of substituents are conducted
via the metal atom to the carbonyl and nitrosyl ligands [149].

The Mdossbauer spectra of 7n-C;H;Fe(CO);X (X = Cl, Br) and 7-C3H;Fe(CO)a-
P(C,H;s);X (X = Br, 1) show that the 1somer shift and quadrupole splitting value
fall within a narrow velocity range, indicating that the metal electron configurat-
ion 1s not greatly influenced by substitution of a CO group by a P(CsH;), group
[168, 169].
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