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1. Introduction 

Organometalllc compounds containing the ally1 (C3H5) moiety are of three 
types: 

(i) o-allyl; a terminal carbon atom ie u-bonded to the metal atom with a 
localised double bond between the two remaining carbon atoms. Esamples axe 
(U-C3Hj)JB [l] and o-C3Hjhln(CO)j 121. 

(ii) ,u-AJyl: the ally1 group bridges two metal atoms, bemg o-bonded to one 
metal atom through a terminal carbon atom and to the second metal atom 

* Resent address. 
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through interaction of the ally1 double bond with the metal orbitals. Esamples 
are [~.C3HjPt(O~CjH7)]? [3], [p-C3H5PtCI]a [3] ZUI~ (CJHI).$rz [4]. 

(ru) x-aJIy1: the bond between the ally1 group and the metal atom is de- 
locAsed and multxentric. 

2. n-Allyl-metal compounds: examples 

n-Myl-metal compounds can be of the pure ally1 type, such as (rr-C3Hj),M, 
n = 2, M = Ni [ 5, 61, Pd [5,6], Pt [ 71; tz = 3, M = Co 181, Rh [9], Ir [lo]; n = -1, 
IL1 = MO [ll], Zr [6], Hf [6]. iT-AllyI-metal compounds are also known whrch 
have mised ligands, containing groups such as a halogen Ill-151 [e.g. 
(R.C,HjpdCI)z [ 13-1511, hal ogen and carbonyl [ 16---19][7r-CxHSFe(CO),C1 
[16-1811, halogen and n-cyclopentadrenyl [20--221 [Z.CjHjCo(n.CjHj)I [ZO]], 
halogen and triphenylphosphrne [ 11, 23-271 (Ir.C@jPdCIP(C,Hj), [25]], 
carbonyl 128-311 [n-C,HSC!o(CO), 128, 2911, car-bony1 and nitrosyl [32--341 
[IT.C>HjFe(COJ2NO [32-34]j, car-bony1 and n-cyclopentadienyl 135-371 
[n-C3HjFe(R-C;HS)CO [35]], carbonyl and tnphenyfphosphine [38-401 
(~.C,HjIr(CO)[P(C,Hj),]2 [40]], n-cyclopentadienyl [22, 29, 411 [n-C3H5Ni- 
(Ti.CjHj) [29]], 1,5-cyclooctadrene [42] [~-C~H;Rh(‘;r-l,5-CsH,z) [32]], trifluoro- 
phosphine [43-451 [;r-C,HSRh( PF3)J [43] 1, other tertiary phosphines [46, 471 

[r-C~HiRhtP(C,H~)~I~ 14611, and basic groups such as amines [M-51 1, acetyl- 
acetonate Ion [ 15, 521, dimethylsulphoxide [53], pyrazolylborate [54, 551, 
Schjff bases [ 561 and thlocyanate ligand 1571. 

The ;r-aJly1 group may be an isolated three-carbon system with substituents 
at one or more of the terminal arrd central carbon atoms; it may be cyclic or 
part of a hydrocarbon nng system. Esamples ark shown in Ia-Ic. 

(IO) (Ibl (Ic) 

(ant/- 1-C(CH3),-~-C3H4PdCI)Z ~,~,~-(~~),-~-C,NI(~-SH~) ~-C12HaFe2tCO), 

(ref 58) tref 59) (rcf 60) 

3. Structure: tilting and asymmetric bonding 

Many orgnnometallic ~-ally) compounds have symmetnc n-ally1 structures, 
wrth the metal-terminal carbon bond lengths nearly identical. For example, the 
bond lengths in ( 2.CHJ-n-C3HA),Ni [ 611 are M-C, = M-C3 = 2.01 A, hI-Cz = 
1.98 A; (n-CIH,PdCI), [62, 631: 2.14, 2.17, 2.02 4; (n-CxH;)?Ru[P(C,H,),], 
[64]: 2.25, 2.23, 2.13 A; x-C~H&O(CO)~ [65]: 2.10, 2.10, 1.98 A. 

The C-C-C angle of the x-ally1 group IS usually close to 120”, and this is 
esemplified by the following compounds: (~-C3H5PdCl)2 [62, 63 ] (119.8”); 



(2-CH3-~-CJH~PdCI)I [66] (112.4”); (1,1,3.3-(CH~)~-;rr-CJHPdCI)z [67] (11s”); 
(~-C,H,j,Ru[P(C,H,),12 (118” and 120”); n-C3HSC~(C0)3 (123”) and 
X-CJH+Pd(n-CjHs) [ 6S] (117.5”). 

The plane defined by the three-carbon skeleton of the ~-ally1 group IS 
usually not perpendicular to the plane defined by the metal atom and the terminal 
carbon atoms of the n-ally1 group: esamples are (2-CH,-n-C,H,),N1 (105.5”) and 
[(n-C,H,),RhCI]L [69] (110.3”) but the angle of (2.CH;-n-C5H,),Ru[P(OCH,): I? 
[70] is 88.6”. 

The three-carbon ;r-ally1 plane 1s usually not perpendicular to the coordi- 
natlon plane of the molecule: e.g. in (n-C,HIPdCI)? the dihedral angle between 
the n-ally1 and PdCl,Pd planes is lOS”, with the central carbon atom tipped a- 
way from the metal atom. Simkrly, the dihedral angle between the met,al coor- 

dinate plane (that defmed by the Pd. Cl and P atoms) and the x-ally1 plme in 
2_CH~-n_C,H~PdCIP(C,Hj)~ [71] is 116”. The dihedral angle of n-CgH, ,Pd- 
(CH,COCHCOCH3) [72] is 121.5”, and of (2-C2HSCOz-r-C3H,NiBr), [73] 
106.2!“, whde the angle between the n-ally1 group and the plane defined by the 
carbonyl carbon atoms of n-C,HjCo(CO), is 36’. The three-carbon skeleton of 
the ~-ally1 group of (2-CH,-n-CJHJPdCl)2 makes an angle of 111.6” urlth the 
PdCl?Pd plane and an angle of 108.5” with the plane contrunlng the metal atom 
and the terminal carbon atoms of the sr-ally1 group. 

IVhen the chemical environment at one terminal carbon atom of the a-ally1 
ligand IS different from that at the other, because of ligands having different 
trczns-effects, the bonding of the ;T-ally1 group may dewate from the symmetrical. 
The shortest Pd-C bond of 2-CH,-n-C,H,PdC!P(C,H,), [71] is that trarzs to 
the chlorine atom: Pd-C (trans to Cl) = 2.14 .A, Pd-C (CIS to Cl) = 2.28 A, and 
the C-C bond lengths are also unequal: C-C (trrrrzs to Cl) = 1.47 A, C-C (CIS to 
Cl) = 1.40 A. The two shortest Rh-C bonds of [(n-CJHI;),RhC1]? 1691 are those 
tram to the two bndgmg chlonne ligands: Rh-C (Cram to Cl) = 2.12 A, Rn-C 
(CIS to Cl) = 2.25 ,A. Similarly, the compound (2-CHx-5r-C,HJj?Ru[P(OCHx)3]L 
[70], in which the n-ally1 ligands are mutually cis. has unequal Ru-C bond 
lengths: Ru-C (tram to P) = 2.38 A, Ru-C (tram to C) = 2.15 A, The Pd-ter- 
mmal carbon atom bond lengths of n-C,HjPdP(C,H;)?(SnCI;) [ 741 are equal 
(2.19 A) and the trans-effect of SnCIx is therefore comparable to that of 
P(C,H,),. 

The substituted n-ally1 ligand is generally non-planar. For esample, a methyl 
substltuent in the 2-posltlon of the ;T-ally1 group is bent out of the plane of t\le 

n-ally1 moiety towards the metal atom by 12” in (2-CH3-n-C,H,),Ni, by 11.8” 
in (2-CH,-7r-C1H,PL1CI),, by 9.5” in 2-CH3-iT-C3HJNiBr[ P(C,Hj),CH:]2 [ 751, by 
0.5 A in 2-CH3-;r-C,HJPdCIP(C,H,), and by 0.17 A in 1,2-(CH,)z-7i-CsH3Ti- 
(n-&H,)? 1761, whereas the methyl group In (2-CHx-‘IT-C;HJjzRh[P(OCH3jj]z 
are bent away from the metal atom by 1 2”. In 11,1,3,3-(CH,j?-~-C3HPdC\], the 
methyl groups in the anti-positions are bent towards the metal atom by 22.9’ 
and those in the ayn-posltions are bent away from the metal atom by 28.5” 
[67]. The carbosylate group of (2-C,HjCO,-n-C,H,NiBr),, however, is cophular 
with the 1~-allyl plane 1731. 

The three- and five-membered rings of 1,2,3-(C6Hs)l-n-C,Ni(n-C,Hj) [59] 
are parallel (within O-S”), but the phenyl substituents are twisted propeller-hke 
out of the cyclic r-ally1 plane. Other compounds havmg strained m-ally1 systems 
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are ~.(CH3).,C~(o_CSHj)Ni(a_C,Hj) [77], _ in which the dihedral angle between 
the n-ally1 and o-cyclopentadienyl planes is 0.7” and the x-ally1 C-C-C angle 
is 89”, and n-R,C,OCo(CO), [ 781 [R = C,Hj or CHx], in which the n-ally1 C-C-C 
angle is also 89”. 

The sr-ally1 group in the hydrocarbon ring system of n-C,0H8Fe,(CO)S [79] 
is not coplanar with the n-cyclopentadienyl group, and the central carbon atom 
of the n-ally1 group 1s 0.908 A below the x-cyclopentadlenyl plane. The acenaph- 
thylenyl group of ;r-C,2HsFe?(CO)S [60] and the benzyl group of ~-C~H&Io- 
(C0)2(n.CjHj) [SO] are approslmately planar. The structure OF n-CSHaFe2(CO)5 
[Sl) is symmetrical about a mirror plane. 

The x-cyclopentadienyl group of [ n.C~H~NI(~.C,Hj)], [ 821 has a ir-allyl-type 
grouping, while the chlorine bridges of [ 1,3-(CH3)I-n-C,H,PdCI]2 1831 and 
[ 1-C(CH3),-2-CHJ-x-C~HJPdC:I]2 [84 ] are bent: the angles between the Cl-Pd,-CI’ 
and Cl-Pd2-CI’ planes are 150” and 148’, respectively. 

Substitution of a CO group of n-C3HjFe(CO),I [85] by P(C,Hj), [86] 
changes the hl-C(IT-alllyl) bored lengths from 2.30 X and 2.09 A to 2.20 .A and 
3 3.3 A_ _.4_ 

4. Conformational isomerism 

n.C,HjhlO(CO)?(~.CSHj) m solution eshiblts 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 nt temperatures allove 0’. ~-C~H,MO(CO)~(~-CSH~) 
also has four carbonyl stretch.ng bands [SS, 89 I but the low temperature (-100”) 
NhIR spectrum indicates the presence of only one isomer [SS]. Two carbonyl 
bands disappear at -60” and the conformer ratio therefore vanes ivlth tempera- 
ture. 

The NhIR spectra of K-C Hj\Y(CO)JX (X = Br, I) both consist of two sets 
of ARI,.Y, spectra and are interpreted on the basis of the esistence in solution 
of unequal amounts of two isomers [go]. Increasing the temperature to above 
80’ results in broadening and subsequent collapse of the two spectra into one 
AILIzX, spectrum with a chemical shift intermediate between those of the two 
isomerlc forms. The halogen arom influences the ratlo of the isomers. The POSSI- 

bility of a a-ally1 intermediate during the interconversion process is unlikely be- 
cause averaging of s~fz- and anti-protons (which accompanies o-ally1 formation 
from a ~-ally1 group) is not observed before decomposltlon. 

The structure of n-C3H5Fe(CO),X (X = Cl, Br, I, NO.,) and of the P(C,HS)I, 
denvatives is IIa, but in solution structure IIb is also observed, except when X = 
NO3 [91]. Only one Isomer is observed when the substituent on the central car- 
bon atom of the z-ally1 group is CH, (X = Cl) or Br (X = Br). The ratio of the 
two isomers decreases regularly in the series wth the halogen, in the order 
I > Br > Cl. The isomer ratlo could be governed by the spatial requirement of X 
or by the ener@es of the Isomers, the relative energies depending on the relative 
donor-acceptor interactions of the allyI--metal and metal-halogen bonds. 

In the series of compounds ;r-C3H4RCo(CO)zX [R = H, l-CH,, Z-CHJ, 2421, 
X = P(CcHj),, P(OC,Hj)j, P(nGI+),; R = 3-CH3, X = P(OCHP)$CHJ] the multi- 

phcities and intensities of the IR carbonyl stretching bands indicate that isomer- 
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(Dal (Ilbi 

ism exists due to mutual restricted rotation of the substituted n-ally1 group and 
the phosphorus-containmg ligand [92]. The major and minor components of 
the carhonyl bands are separated by 9-16 cm” and the relative intensities of the 
components and therefore the proportions of the isomers depend on the sub- 
stltuent and the phosphorus-containmg ligand, wth the higher proportions of 
the minor components being produced by the Cl-substituent and the P(OG,HS 11, 
Ugand - the set having the greatest stenc bulk. The !ower frequency band of 
each pair of bands is a.lways the more intense, indicatmg that the major com- 
ponent has an identical conformation for each molecule. 

The compounds ~-AMo(CO)~(~-C~H~) and ~~-A~‘Io(CO)~(~-C~H~) 
1x-A = n-CjH5 or the 2-CH3, Z-Cl, ZBr, l,1-(CH,)2, X,1,2-(CH,), denvatlves] 
also consist of isomers [93]. The major isomer configuratlon of the 2-CHx, Z-Cl 
and 2-E& compounds was deduced to be IIla and the greater intensity of the high 

-J -e 

(IIICJ) tmb) 

frequency carbonyl stretching modes led to their assignment to isomer IIIa. In 
the l-CH1, l,l-(CIA,), and 1,1,2-(CH,)3 compounds the isomer IIIb 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 rsla- 
tive magnitude of steric interactions between ally1 substituents and the cyclo- 
pentadienyl (or Indenyl) ring. Syn- and anti-protons are not averaged during 
somer interconversion and rotation about the metal--ii-ally1 bond is suggested. 

Eclipsed (cis) and staggered (trans) Isomers of (n-CjHj)zhl (hl = Ni, Pd) es- 
plain the two Aii12X2 NMR spectra observed [94]. The spectra of (n-CJHJR)2Pt 
(R = H, 2-CH3) are a3so consistent with the presence of two isomers [‘il. The 
trarzs-Isomer of (n-CJHj),Ni predominates in the liquid phase, and the proporf,ions 
me ca. 3/l. 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 IU112MI spectra are af- 
fected by temperature in the range 10’ to 70”. No wbrational evidence has been 
found for the presence of significant proportions of the &-isomer, and the 
trans-isomer is predominant [95]. 

Three sets of AM2X2 patterns u-~ the hTiUR spectrum of (n-C,H,),Rh 121, 961 
at -74” indicate the presence of three distinct types of symmetrically-bonded 
n-ally1 group. Two sets of peaks coalesce on increasing the temperature from 
-74” to lo”, indicating exchange between two non-equivalent 7r-allyl groups. 
The process 1s esplained by an equilibrium between the isomers IVa and IVb 

\ 6 

Rtl Rh 

/ 
C 

ma) (IXb) 

caused by a rapid rotation of IT-aIlyl group A at 34”, rnakmg the ally! groups B 
and C magnetically equivalent, while at -70G the more restricted rotation of the 
ally1 group A causes tile non-equivalence of ally1 groups B and C observed in the 
NMR spectrum. The NMR spectrum of (n-C,H, IxIr at room temperature is semi- 
lar to that of (R-C3Hj)JRh, wlh two sets of n-ally1 peaks in the ratio l/2 [lo]. 

The compound (n-C3Hj)~Pd?(O,CCH3)~ haj three possible isomeric confor- 
mations (Va-c). The structure in the solid state IS Va (971, in which the n-ally1 

Pd Pd Pd Pd Pd Pd 

(no) (5’b) (PC) 

ljgands are non-equivalent. At temperatures above 30”, NhIR equivalence of the 
n-zliyl Ligands is observed [98]. AL --2O”, in the unsubstltuted, 2-CHJ and 
l,l-(CHJ), compounds, two overlapping AA’BB’X spectra of relative intensities 
l/l, 9/l and 3.5/l, 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 iikely to be due to two non-equivalent ally1 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 Vc. The Va F Vc 
exchange process could involve a bimolecular interaction of (a-C,Hs)?Pd2(02CCH~)3 
molecules or a n-ally1 rotation. Addition of weak bridge-splitting hgands (e.g. 
DMSO) results in an increase in the rates of the eschange processes, favouring 
the former expkmation. 

The compound (a-C,t-f,),Pd2[ 1,3-(C,H5)IN,]2 has two XM,X, patterns in 
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-2-CH3-~-~3H3PdC1)2, 65% of which is the anti-isomer, the percentage of 
syn-isomer increases [ 1051. 

Addition of a coordinating compound to antr-[ 1-C(CH3)3-2-CH3-n-C,H3PdCI]~ 
results in isomerisation to the .syn-isomer. Prolonged heating of the synthetic reac- 
tion mixture also produces the syn-isomer [Sl]. Similarly, l-CH,-n-C,H,Co- 

(n-CJ-L)P(C,H ) 5 3, which forms the antI-isomer practically free of syn-isomer, is 
rapidly transformed into the ssn-isomer by the action of P(CbHj)j, (CSHSN) or 

(CH,),SO, even at room te.mperature [ 1061. The fact that isomerisation is caused 
by coordmating compounds suggests that it occurs through a x-c-x intermediate, 
with free-rotation around the metal-carbon bond [ 1061 (Section 6). 

1,1-(CH,)2-ir-CJH,Co(PF,), isomerises to arztr-l-CHj-2-CH,-a-CJHJCo(PF,)3 
on heating to 60” [44], and l,l-(CH,)z-ir-C,H,Rt~(PF,)J isomerises to 
sfn-I-CH,-2-CH,-n-CxHJRh(PF,!, at the same temperature but at a faster rate 
than the cobalt compound. l,l-(CH3)z-a-C,H3Co(CO),, however, shows no 
tendency to isomense to 1,2-(CHJ)?-n- C3H,Co(CO), on heating [44]. Addition 
of HRh(PF,), to isoprene (CH,=C(CH,)CH=CH,) yields initially equal amounts 
of the syn- and arzti-isomers of 1,2-(CHJ)2-;r-C,H,Rtl(PF3)~, but the anti-isomer 
isomerises on heatmg to the sylz-isomer t-141. 

6. Flusional character 

A molecule which is flukional has several configurations which are equiva- 

lent in structure and bonding. In many cases, as the molecule passes from one 
configuration to another, some atoms pass through several different envuon- 
ments within the molecule_ .4n esample of a flusional n-ally1 molecule is 
rr-C,H,Co(CO), (VII), which has only one proton NMR signal at room 

t’ J \ 0 : 
‘-. / 

, _.-- . . 
.’ *I 0 : % 
‘.. _ *. 

? 
--’ 

Co(CO)3 CdCO)~ 

(plla) (TII b) 

temperature due to rapid interconversion (on the NRIR time scale) of the in- 
stantaneous structures of type Vlia, but at very low temperatures (ca. -140”) 
a more comples spectrum is obtained [ SS] d ue to the esistence of only one 
instantaneous structure. Similarly, T-C7H7hlo(CO),(n-C5Hj) has only one reso- 
nance at room temperature but a more comples spectrum at -100” [SE%]. 

The ~-ally1 compound, T-C,HjCH,hlo(CO),(TT-CjHj), which in the 
solid-state has structure VIII [80], also has a temperature dependent NMR 
spectrum [ 10’71. 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),- 
(n-&Hz) moiety around the ring: (iii) formation of a cT-benzyl intermediate at 
higher temperatures causing interconversion of the bonding of C,, C, and C, of 
the benzyl group to the hlo(CO)z(n-CSHj) moiety to bonding of CT, C, and C,. 
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Syn-antr proton-sire exchange: T;--a*-transformations 
Eschange of the syrz- and anti-protons on one side of the ~-ally1 group In 

some T-allyl-metal compounds takes place under the influence of donor IIga.n~~s 
or temperature. The behaviour of the sr-ally1 group in the compounds 
n-C3H,RPdCIL (R = H, 2-CH,; L = Group V donor ligand) has been studled as a 
function of the type of llgand L, the ligand-to-metal ratio and the temperatuw 
[ 1081. Interchange of the syn- and arrti-prutons of the n-nllyl group in 
n-&H,PdClL via a o-ally1 intermediate is caused by interactions with L 
[ P(CbHj) 01 AS(CbHj)s] [log-1111 Or Of r_C,H,PdCIP(C6H,)> With (K-C~H,PC~CI)~ 
at temperatures below 20” [ 112]. Similarly, actdition of pyridine to 
2-CH,-~-C3H4Pd[P(C,H,),CH2]2 promotes rapid syrz-arztl exchange 11131. 

Interchange of the syw and arztl-protons cis to the phosphine group in 
ZCH(CH3),-n_C,H,PdCIP(C6Hj)J IS accompanied by exchange of the methyl 
groups m the Z-isopropyl side-chain, but not of the syrz- and crnti-prot,ons h-arcs 
to the phosphine group [II-Z]. Eschange of protons at the carbon atom (C,) 
CIS to the phosphine groclp in 1-CH(CH,)2-n-C3H4PdCIP(C6HS), occurs at the 
same rate as that of the methyl groups m the isopropyl side-chain, which, how- 
ever, remruns in the syn-positIon [ 114, 1151. The interchange of the methyl 
groups in n-C3H5PdClP(CH3)?(CbH5) is accompanied by interchange of the protons 
cis to the phosphine group. The results therefore indicate a transition state or 
transient intermediate having a a-ally1 group (IX). In the transition state H, and 
I-i, are equivalent but H, and HJ are distinct. 

4 2 

ti 

/ 

3 1 

Pd 

In a compound in which the z-ally1 group 1s trczns to a sulphur and an oxy- 
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gen atom, the protons CIS to the sulphur atom exchange preferentially and this 
is also interpreted m terms of a short-lived o-ally1 intermediate 11161, and so 
also is the epimensation of cr-phenylethylamine compleses of l-substituted 
~-ally1 ligands, which is accompamed by proton Interchange at the unsubstituted 
termmal carbon atom 1511. 

Syn--anti proton-site eschange in the absence of base takes place in (n-C,H,),Zr 
[6] at --2O”, (n-CzHj)JTh [ 5] (lo”), (x-CxH,),Hf [6] (-72”) but not in 
(X-CjHjPdCl)z [117] at 150”, X-CJH,Rh[P(C,H;)J]: [46] (130”), n-C,H,Mn(CO)a 
[lli] (180") or (n-C,HS)J~IO [ll] (170”), and the mechanism of eschange in 
(;-CCHHjqZr has been dlscussed [ 1181. 

s_y2-s_; ‘I czd s~tl-antt prolon-slle exchange 
Interaction of n-CdH7PdCJP(C6H5)3 with (n-C,H,PdCl), induces syn-mzti 

proton-site eschange cis to the phosphme group. at temperatures below 20” 
ji12]. At higher temperatures exchange of syn-protons and simultaneous es- 
change of the anti-protons occurs [ 1121. Similar processes take place in 

2-CH,-~-C,H,Pc;ClP(C,H,), in the presence of a small escess of P(C,H,), [ 119, 
1201. Syn--syn eschange occurs in z-C,Hjlr(CO)[ P(CbHj)3]: and at higher tem- 
peratures syn-m tl exchange is observed [ 401. The .syt~--sytz exchange process 
can be esplained by a rotation of the ;r-ally1 group about an ~~1s passing through 
the ally1 plane and the metal atom [10]. 

A mechamsm mvolvmg a bimolecular SN2 substitution reactlon has been 
used to interpret the pyndine-promoted syn-syrz exchange in n-allylpalladium 
plcolinate and owate compleses 11211. Espenmental data on tertiary phos- 
phme-promoted sylz~II and synutztl eschange indicate that ligand-promoted 
proton-site exchange occurs by consecutive SN2 substitution reactions, and that 
a low-energy m-plane rotation of the x-ally1 ligand is not involved [ 1221. Mech- 
amsms of PR3-promoted protcln-site eschange in compleses of the type 
X-CJHjPdCIPR3 [ 1221 are shown in Scheme 1. The ease of formatlon of a o-ally1 

PRJ.PRO\IOTED PROTdN.SITE ESCH AhGE IU r C;HjPdCIPR) CO>lPLEV.ES 
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intermediate depends in part on the position and electronic and steric character 
of the a!ky! substituents. Thus ~~~z-syrz eschange occurs first in the 2-CH3 com- 
pound, for example, but syrz -anti exchange has priority when the ?r-ally! group 
has terminal substltuents [ 1221. 

7. I nserttlon react ions 

Reactions of n-ally!-metal compounds with l,%dienes [ 123-1291, a strain- 
ed olefin [ 1301, an acetylene [ 1311, fluorocarbons [ 131-1331, isocyanides [134, 
1351, sulphur dloside [7] and carbon monoside [127, 1361 result in cleavage 
of the n-ally!-metal group and formation of products in wl~ich tne ligand is in- 
serted between the ally1 group .and the metal atom. 

The rate of formation of the insertion products of the reactions of 
(n-C,H4RPdX)z with substituted 1,3-butadiene compounds increases with in- 
creasing electronegativity of the bridging ligand 1123, 1271, decreases with in- 
creasing substitution of the diene (123, 1271, and increases wth increasing 
electron withdrawing properties of the substituents of t!le n-ally! group [ 123, 
1261. The conJugated dlene always enters the ally! grou!~ at the most substituted 
carbon atom [ 1271. The observations of syn-atztl proton-site eschange during 
the diene insertion reactions [ 1231, and the stereochemical features [ 1231 indi- 
cate that the same knd of o-ally1 intermedinte which provides a pathway for 
base-promoted proton-site eschange 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 a-ally! intermediate, (o-ally!)(drene)Pd(Y). The dlene adopts a cis-conflguratlon 
within the intermediate and then reacts with the o-ally! group, with a mechanism 
of the type shown in X [ 1231. Support for the mechanism is provided by the 

Pd Y 

increase in electric conductivity of (m-C;HsPdC!)2 on addltlon of smaL! 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 eschange between dimeric and various monomeric forms is the most 
favoured explanation. 

Reaction of the isocyanide C,H, ,NC with (x_CjHsPdC1)2 gives the prodwt 
XI [ 1341. The reactlon 1s favoured by high electron donor ability of the isocya- 
nide group, with the initial stage of the reaction being bridge-cleavage of 
(n-CjHjPdCI): [134]- 



ta, 

The compounds ( 1-CH2CI-n-CjH4PdC1)2 en d ( I-C~H~OCH~-~-CH~-R-CLH~- 
PdCI): can be carbonylated at two sites to g-we different products, depending 
on reaction conditions [ 1361. Thus the former compound reacts in a l/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&lC <=CHCH2COCi. 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 ally1 group. The reactlon of CO wth ( ir-C,H5PdCt )? has been studled 
kinetically. The results are described by a mechanism LI which an unstable five-coor- 
dinate comples is formed by coordination of CO to Pd and transforms to a 
four-coordinate species by spbttmg the bridge [ 1271. CO always enters at the 
IcaA substituted carbon atom 11271. 

Reaction of C2F4 with ir-C,H4RCo(CO)3 (R = H, 2-CH3) results in coordi- 
nation of C,F, to the metal atom, wth the ally1 group o-bonded [132]. The 
o-bonded carbon atom then migrates to C2Fa. possibly promoted by coordina- 
tion of the ally1 olefinic grol~p. An alternative mechanjsm involves nucleophilic 
attack by x-C,H,RCo(CO), on C,F,. forming ;m ionic intermediate, which col- 
lapses by reaction of the carbanion with the c;ltionic ;7-ally1 system [ 1321. 
Reaction of (CF,),CN, \wth ~-C,H,RCO(CO)~ (R = H, I-CH3, 2-CHj) gives a 
similar type of Insertion product [ 1371, with evolution of N1, whue reactlon of 
l-CH,-n-C~H~PdC!P(CH3)2(C~Hj) with CF,GCC!F, gives insertion of the fluoro- 
acetylene at the unsubstitutcd terminai carbon atom of the ir-ally1 group [131]. 

T!le reaction of SO2 wi:h (n-CJH5)2Pd gii\es C,H<Pd(SOzCJHj) [ 71 but no 
reaction mechanism has been proposed. 

8. Bonding 

Overlap Integral calculations on tne ir-C,HSM (IV = Pd, Pt, Ni) group mdwate 
that the ener,v of the bonding is optimised when the n-ally1 group of n-C3HiPd 
has an angle of tilt of between 103” and 114” (XII) [ 1381. However, Slater functions 

(x77) 



have been criticised [ 1391. A qualitative description of the bonding in 
(n-CJH5PdC1)2 suggests that the principal bonding interactron is between G2” 
and a metal d orbital [ 1081, with the n-ally] group acting as an electron-donor. 
The bonding between the n-ally1 anlofr and a metal atom has been discussed by 
considering the interactions of +!J~ and GJ with the metal orbitals [ 1401. There 
is no particular steric requirement for masrmum $ ,--M bonding but $~?-hl bond- 
mg is masimised when the structure 1s XIIIa, with C, and C, in the x=-plane. 
Maximum $J-h,l bonding is attained when the I)~ node 1s In the .rz;-plane (XIIIh). 
The structure IS resolved by a tilting of the n-ally1 group in structure XIIlb to 
masimlse 

(xnio) (XIII b) 

Semi-empirical molecular orbital (MO) calculations on (z-CjHj),Pd [l-11] 
show that the 9, orbital interacts mainly wtth M(s, p) orbitals, but I,!J? interacts 
pnncipaily Lvlth hi(d) orbltals, wrth the n-ally1 group acting as an electron-donat- 
ing ligand. Semt-empirical self-consistent charge and configuration (SCCC) !LIO 
calculations on (n-CsHj),M and (n-C,HjhlCI)z (M = Ni, Pd, Pt) SLOW the dual 
capacrty of the z-ally1 group to behave as an electron-donor or acceptor, with 
the t$, orbrtal acting as an electron-donor in bolh sets of compounds [ 1421. 
The Q2 orbital is an electron-donor in the (5r-C3HSIL1CI)2 compounds, but an elec- 
tron-acceptor in the absence of electron-withdrawing ligands in (n-C,H,),M. 
Self-consistent semt-empirical MO calculations on (2-CH3+r-CIHJ),M (hl = Ni, Co, 
Fe, Cr) show that the relative stability of the Ni compound can be rationallsed 
by two factors: the low energy of the Ni 4s orhitaI, Lvhich is the only electro-aitrac 
tive Ls orbital among the Four compounds, and the gradual dlsperslon of tt-,e 3tI 
orbit& from Ni to Cr [ 1431. 

The results of an ab initio hl0 calculation 11453 on (n-C,Hj),Ni have been 
shown to be consistent with the photoelectron spectrum by taking into account 
the electrontc relasation upon ionization [ 1461. There is no relationship between 
the sequence of ionisation potentials and the sequence of hI0 energes, indicat- 
ing the breakdown of Koopmans’ theorem for the molecule [ 1461. 

Asymmetric bonding of the x-ally1 group of nCJHSPdClP(C6Hj), has been 
esplained by the opposing trufzs-electromc effects of the Cl and P(C,H;), hgands, 
knth the increased electron density of I,!I~ and $, on the carbon atom tram to 
the P(CBHS)J lrgand weakening the M-C bond [ 1401. The difference in ligand 
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trans-effects causes a higher degree of o-bonding m n_C,HjPd(OCOCH,)P(C,H5), 
than in n-C,H,PdC!P(C,H,), leading to an intramoiecular ~~-url reaction with 
.qvn-mti proton-site eschange at an attamable temperature in the absence of 
donor tigands for the former compound but not, for the latter [ 1401. The truns- 
effects of SnCtj and P(C,H,), are similar and the NMR spectrum of 
n-C,HjPdSnCt3P(CbHj), [ 1471 resembles that of (n-CjHjPdCt)z rather than that 
of n-C,H,PdCtP(C,Hj)j- The trans-effect of the Cl !J$.nd m n-CxHSPdCtP(C6HS), 
mcreases, and approaches that of the acetate group. m the presence of acceptor 
molecules, and allows n--(irl reactions with synanti proton-site eschange to 
occur at tower temperatures [ 140]. 

Conformst:ona! isomerism in the compounds 5r-C3HJRFe(CO)JX (X = Cl, 
R = H, CH,; S = Br, R = H, Br; X = I, R = H) has been discussed m terms of 
tigand-metal interaction [91]. The prmcipal contributions to the n-a!tyt-metal 
bonding are regarded as interactions between the ir-ally! 8, and I$: orbitak with 

metal p_ and d,, orbit&, respectwely. The central carbon atom contnbutes to 
the I$,-p, mternctlon only, and IS ca. 0.2 A nearer to the metal atom in isomer 
IIa. IVith decreasing electrwll-~~~thdrawIn:: power of the halogen from Cl to I, 

the ill I-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 IIb for the Iodide than for the 
bromide or chloride, which has been obsewed. 

9. Substituent effects 

The role of substituenrs in the development of the chemistry of the n-allyt- 
metal group has been estrernety Important. Substituents In the n-ally! group 
may be bent out of the plane of the carbon atoms of the n-al!yl group, and can 
affect the ratio of conformiitiona! isomers, onmnate syn-untl isomerisatlon and 
influence the syn-untr isonler proportion; th?y have been useful in understand- 
ing sytt--anti proton-s!te ewhange, and influence the rates of mserrion reactions. 

The carbonyl monosubstltutlon of z-C,H~RCO(CO)~ (R = H, l-CH,, l-Cl, 
1-CH,OCO, 2-C!-lj, 2-Ct, 2-13r, 2-C-H,) by P(C,H,), proceeds at 3 rate which de- 
pends on the substituent R and its posit.ion in the sr-ally! group 138). 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 reaon for the unusual behaviour cannot be steric be- 
cause the 2-Br substltuent accelerates the reaction less than the 2-C! substQ,uent, 
whxh causes a faster reactlon than the 2-CH, substituent 1381. The infrared car- 
bony! stretching frequencies of E-CJH~RCO(CO)~ (R = H, l-CHJ, l-Cl, 2-CHJ, 
2-C!), however, correlate with the Hammett-Taft u parameters [ 1481. 

The inductive effects of substituents in ;i-C3H4RFe(CO)2N0 (R = H, l-CH,, 
l-C!, 2-CH,, Z-Cl) corre!ate with the infrared carbonyl stretching frequencies 
[ 1491 and with the half-wave potentids obtamed from polarographic curves 

[ 1501. The inductive effects in 7;-C3HJRFe(CO):N0 (R = H, 2-CH3, 2-C!, 2-Br) 
correlate wth the dipotz moment values [ 1511, the 2-CH, substituent increasing, 
and the 2-C! and 3-Br substituents decreasmg the dipole moment. The kinetic 
and potarographic .&u&es show that substituents in the 2-position have a larger 
Influence than substituents in the l-position. 
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