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ABSTRACT 

The review is focused on five-coordinate Pd(II)- and Pt(II)-alkene complexes with a trigonal 
bipyramidal arrangement of the ligands. Synthetic methods are extensively described and the characteriza- 
tion procedures of 243 compounds are listed. Stereochemical and reactivity aspects are reported. A chart 
with the X-ray structural parameters of 19 complexes and a list of 76 references are included. 

I. INTRODUCTION 

In the past 20 years, several reports on five-coordinate platinum(I1) complexes 
have appeared in the literature. Most of the compounds have the general formula 
[M(q’-alkene)(N-N)XY where N-N is a bidentate nitrogen donor ligand, X and 
Y are either two anions (type A) or one anion and one neutral ligand (type B). There 
are also cases in which the five-coordinate species contains, in addition to the alkene 
and one monodentate ligand; a tridentate nitrogen donor ligand (type C). 

More recently, five-coordinate alkene complexes of palladium(I1) have also 
been reported. These compounds are of type A and have ancestors in the complexes 
of formula [Pd($-CSH,)L(alkene)]+ described by Kurosawa in 1980 [I]. The five- 
coordinate species of palladium(I1) are much fewer than those of platinum(II), but 
represent a relevant portion of the monoalkene complexes of palladium(I1) so far 
reported, here including also those having a square planar geometry. 

The five-coordinate complexes, although being coordinatively saturated, repre- 
sent a novelty for platinum(I1) and palladium(II), for which square planar coordina- 
tion is commonly found. No quotation of five-coordinate species of platinum(I1) or 
palladium(I1) containing an alkene is found up to the end of the 1960s [Z], although 
the first organometallic compound (Zeise’s anion reported in 1825) was a platinum(I1) 
complex containing an ethene and three chloride ions in a square planar arrangement. 

The aim of this article is to give an overview of the five-coordinate alkene 
complexes of platinum(I1) and palladium(II), describing their syntheses, characteriza- 
tion and some relevant aspects of their chemistry. 

2. GENERAL SURVEY 

In 1970, Theophanides and Kong reported on the preparation of a five- 
coordinate complex of platinum containing an alkyne ligand [3]. The synthesis, 
however, could not be extended to alkene complexes of similar geometry. 
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In the same year, a complex of formula [Pt(q2-C2FJRX(N-N’)] (R and X are 
carbon and halide ions, respectively) was reported by Clark and Puddephatt [4]. 
The trigonal bipyramidal structure was assigned on the ground of IR data and by 
comparison with the already known structure of the alkyne complexes. This complex 
was the first of a wide series of complexes synthesized by the group of Panunzi and 
co-workers from 1985 onward [5]. One of them represents the first example of a 
resolved stereogenic transition metal centre in a trigonal bipyramidal geometry [S]. 

Complexes similar to that reported by Clark and Puddephatt, but containing 
unsubstituted ethene and two halide ions, were reported by the group of Natile and 
co-workers since 1973 [6]. Their structure was assigned on the basis of NMR, IR 
and conductivity data and later fully confirmed by X-ray analysis [7]. These com- 
plexes are rather stable in the solid state, while in solution they decompose with loss 
of the ethene. 

Another research group involved in this type of chemistry was that of van 
Koten and co-workers [S]. They generally used diimines as chelating N-donor 
ligands, which were invariably a,a-coordinated to the metal. 

All neutral complexes containing a bidentate, generally N-donor, ligand, two 
anionic ligands and an alkene have been grouped in type A. 

Complexes similar to those of type A, but in which one anionic ligand has 
been replaced by a neutral ligand, have also been isolated. These complexes have a 
net positive charge and have been grouped in type B. 

Another relevant series of five-coordinate complexes is that having the formula 
[Pt(q’-alkene)X(L)] where L spans three coordination sites. These were described by 
Clark and Manzer in 1973 and have been grouped in type C [9]. Cyclopentadienyl 
complexes can also be included in this group. 

Finally, there are complexes in which the coordinated alkene moiety is part of 
a chelate ligand. These complexes have been grouped in type D. 

The different types of complexes and ligands are summarized in Charts 1 and 
2, respectively, and a list of the complexes is given in Table 1. 

3. SYNTHETIC PROCEDURES: PLATINUM COMPLEXES 

3.1 Type A complexes 

(1) Type A dihalide- [6-8,10-291 and halide-alkyl complexes [5,28,30-321 are 
prepared by reaction of a bidentate ligand, usually a N-donor ligand (N-N), with a 
four-coordinate complex containing the alkene. The starting complex can be mono- 
nuclear, such as the Zeise’s anion (eqn. (1)) [lo], or, alternatively, a binuclear alkene 
complex such as the Zeise’s dimer (eqn. (2)) [9]. 

K[Pt(q*-C2H4)Cl,] + N-N = [Pt(tt’-C,H.JCl,(N-N)] + KC1 

[Pt(rj2-C2H4)C12]2 + 2N-N = 2[Pt(q2-C,H,)Cl,(N-N)] 

(1) 

(2) 
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Chart 2 (continued). 

(2) Another possible procedure for the preparation of this type of complex is 
the addition of the alkene to a four-coordinate species of formula [PtXY(N--N)J. 
This procedure can be used only in the cases in which the starting complex is strongly 
activated towards dissociation of one end of the diamine, e.g. eqns. (3) and (4) [29,30]. 

+ C2H4 = 
(3) 
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(4) 

(3) A short-cut procedure leading directly to type A complexes is the simulta- 
neous reaction of a labile four-coordinate complex with both the N-N and the 
alkene ligands (eqn. (5), COD = cycloocta- 1,Sdiene) [32]. 

[PtCl(Et)(COD)] + Ya t C2H4 = t COD (5) 

(4) Another synthetic procedure which is largely feasible and, on some occasions, 
most convenient, is the ligand exchange reaction which transforms a five-coordinate 
species into another compound of the same type. 

(4a) Alkene exchange. Equation (6) is an example of this procedure [l 11. 

t CH2CHMe = + CzH4 (6) 

The substitution of an alkene by another alkene of comparable steric hindrance 
and bearing electron-withdrawing groups is thermodynamically favoured. The ancil- 
lary ligands can influence the reaction rate, e.g. the presence of a rigid and sterically 
demanding N-N ligand such as 2,9-dimethyl- 1 ,lO-phenanthroline causes a remark- 
able slow down of the exchange reaction. 

(4b) Halide exchange. This reaction is very useful for the preparation of com- 
plexes containing halide ligands other than chloride, e.g. the diiodo derivative 
reported in eqn. (7) [ 161. 
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TYPE V LIGANDS 
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2NaI = t 2NaCI (7) 

(4~) Exchange of the N-N chelate. To date, this reaction has only a limited 

synthetic utility (eqn. (8)) [16]. 

t la = 
03) 

(5) Another synthetic route to type A complexes involves the oxidative addition 
of an electrophilic reagent to three-coordinate [Pt(alkene)(N-N)] species containing 
N-N ligands with great steric demand (eqn. (9)) [28]. 
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BrCHYePh = 

75 

(9) 

This procedure is particularly useful for the synthesis of complexes with func- 
tionalized alkyl groups attached to platinum [33]. 

(6) A recent paper by Mink et al. describes the synthesis and characterization 
of a five-coordinate complex containing three C=C double bonds coordinated to 
platinum in the equatorial plane. This compound can be considered a type A complex 

TYPE VI LIGANDS 

TYPE VII LIGAND 

Chart 2 (continued). Types of chelate ligands. 
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with a dialkene ligand taking the place of the bidentate N-donor ligand (eqn. 

(10)) c341. 

1/z “\p,/e’\ 2’ 
c,’ \clAPt \I1 

+ y,i = fl J’ Gl pt-f 
Cl 

(10) 

3.2 Type B complexes 

(1) The general synthetic route to type B complexes involves the reaction of a 
type A complex with the silver salt of a poorly coordinating anion in the presence 
of a neutral ligand L (eqn. (11)) [35]. 

OYe OUe 

t NCUe t AgBF BF4- t AgCl 

(2) Complexes of type B with a fairly labile L ligand can be used as precursors 
for the preparation of compounds of the same type but with a different L via an 
exchange reaction (eqn. (12)) [35]. 

(3) Type B complexes can also be obtained from cis-[PtCl,(alkene)(L)] species 
by treatment with a silver salt in the presence of an N-N ligand (eqn. (13)) [36]. 

3.3 Type C complexes with ligands spanning three coordination sites 

(1) Five-coordinate complexes have. been obtained by reaction with alkenes of 
the four-coordinate polymeric species containing the trispyrazolylborate anion as 
indicated in eqn. (14) [9,37,38-J. 
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+ AgBF4 t la = BF,- t A&l (13) 

(14) 

(2) Cationic complexes have been prepared by reaction of a square planar 
platinum-COD compound with tris-pyrazolylmethane and ethene (eqn. (15)) [39]. 

[Pt(Me)Cl(COD)] + acetone + AgPF6 = [Pt(Me)(COD)(acetone)] +PF; + AgCl 

[Pt(Me)(COD)(acetone)] +PF; + VIb 

= [Pt(Me){HC(C,H,N,),}] +PF, + COD + acetone 

t C2H4 = 

2 
1 
t 

PF6- 
(15) 

(3) Platinum complexes of formula [Pt($-C,H,)(PR,)(alkene)]f have also 
been prepared and characterized. These compounds can be included in class C if we 
consider the cyclopentadienyl ligand spanning three coordination positions (eqn. 

(16)) PI. 

1 t CH 

[P~CI2(PPh3)(C2H.+)l t f&H5 = 0 
N2 

0 
/ CH2 

Pt\PPh 

Cl- t TICI 

3 

(16) 
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3.4 Type D complexes 

(1) There are cases in which the alkene moiety is part of a chelate hgand. We 
shall call this class of compounds type D. The complexes can be either cationic [40] 
or neutral [41,42], depending upon the total charge of the chelating ligand containing 
the alkene (eqns. (17) and (18)). 

Ye 

t Ila = 
(17) 

(2) In contrast with the behaviour of other dienes, which react with two metallic 
units to give binuclear complexes of type A [42], COD displays chelating ability 
toward platinum and gives five-coordinate species of type D (eqn. (19)) [35,43]. 

4. SYNTHETIC PROCEDURES: PALLADIUM COMPLEXES 

4.1 Type A complexes 

(19) 

(1) Addition of the alkene to a suitable four-coordinate precursor is to date the 
most convenient procedure for the synthesis of palladium complexes of type A (eqn. 

(20)) c431. 

[PdMeX(N-N)] + alkene = [Pd($--alkene)MeX(N-N)] (20) 
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(2) Type A complexes can also be prepared by reaction of a four-coordinate 
binuclear complex with an alkene and a bidentate N-donor ligand as shown in eqn. 

(21) r431. 

(21) 

4.2 Type C complexes 

Complexes of formula [Pd(alkene)($-C5H,)(PRJJ+ [l] have also been pre- 
pared and characterized. These compounds can be included in class C if we consider 
the cyclopentadienyl ligand spanning three coordination positions (eqn. (22)). 

[Pd($-C,H5)(PR3)Br] + CH,=CHPh + AgC104 (22) 

= [Pd(alkene)($-C,H,)(PRJU(ao,) + AgBr 

4.3 Type D complexes 

A complex of type D can be obtained, as in the case of platinum, by reaction 
of a suitable palladium substrate with COD (eqn. (23)) [43]. 

5. STABILITY AND REACTIVITY 

(23) 

Five-coordinate species have been extensively investigated with respect to de- 
composition and ligand exchange reactions. 

The decomposition patterns of the five-coordinate complexes include loss of 
the alkene, loss of an axial ligand, chelate ring opening, reductive elimination, and 
insertion of the unsaturated ligand into a u bond. 
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5.1 Loss of the alkene 

Five-coordinate complexes can have very different thermodynamic stabilities, 
ranging from cases in which the alkene is lost only at high temperature (close to the 
temperature of decomposition of the whole molecule) to cases in which the alkene 
is lost at rather low temperature and in the solid state. 

The loss of the alkene is an irreversible process for many of the species described 
here; however, in some cases, an equilibrium has been observed (eqn. (24)). Some 
equilibrium constants are reported in Table 2. 

-( 

N\,/x 

N"Y 

t CHR=CHR' (24) 

Such an equilibrium is observed whenever there is a strong destabilization of 
the four-coordinate square planar geometry. 

The steric requirements of the chelate ligand and, in particular, the in-plane 
bulk of the nitrogen substituents, appear to be the most important factor in determin- 
ing such a destabilization. The relief of the interligand contacts which takes place 
on rearranging the molecular geometry from a square plane to a trigonal bipyramid 
results in an increased thermodynamic stability of the five-coordinate versus the 
four-coordinate species. This feature is well supported by the results obtained using 
2,9-dimethyl-l,lO-phenanthroline as a chelate in complexes of type A [32,34]. 

The electronic properties of the bidentate N donor ligand in positioning the 
equilibrium are definitely of minor importance with respect to the steric factors. This 
is clearly shown by the much greater stability of five-coordinate species containing 
2,9-substituted-l,lO-phenanthroline with respect to those containing phenanthrolines 
of similar basicity but with substituents in different ring positions. 

The steric and electronic properties of the alkene also play an important role. 
Five-coordination is destabilized by the presence of bulky and electron-donating 
substituents on the alkene. Conversely, it is stabilized by the presence of electron- 
withdrawing substituents which strengthen the x back-donation from the metal to 
the alkene. The electronic effect can be balanced or even overcome by the steric 
factors [32]. 

The halide ligands in the apical positions of the trigonal bipyramid can also 
influence the stability of the five-coordinate species. The bulkier the anionic ligands, 
the more crowded becomes the four-coordinate species formed by alkene loss. 

Steric factors also dominate in the stabilization of the five-coordinate geometry 
by an apical carbanion. Little difference is found in the pKdiSs of a series of propene 
and ethene complexes of formula [Pt(alkene)Cl(C,H,R)@-Me-pyridine-2- 
CH=N-C,H,OMe)], where R =CF3 or 0CH3 (Table 2). On the other hand, the 
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TABLE 2 

Alkene dissociation constants for [M(alkene)XY(N-N’)] complexes 

91 

M X Y N-N Olefin P&is 

Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 

Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Br 
I 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 

Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Br 
I 
Me 
Me 
Me 
Me 
Me 
Me 
Ph 
4-MeOC6H, 
Me 
Et 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Ph 
4-MeO&H, 
4-CF3C6H4 
2-MeC,H, 

CsFs 
Me 
Me 
Me 
Me 

Ia 
Ia 
Ia 
Ia 
Ia 
Ia 
Ia 
Ia 
Ia 
Ia 
Ib 
IIa 
IIa 
IV0 
Va 
Va 
Va 
Va 
Vb 
Vb 
Vb 
vc 
vc 
vc 
vc 
vc 
vc 
vc 
vc 
vc 
vc 
vc 
vc 
vc 
vc 
vc 
vc 
vc 
vc 
vc 
vc 
Vd 
Vd 
Vf 

Vg 

CH2=CH2 2.9 
CH,=CHMe 2.5 
CH,=CHEt 2.0 
(Z)-MeCH=CHMe 1.0 
CH2=CHPh 0.7 
(E)-MeCH=CHMe 0.2 
(E)-MeCH=CHMe 1.2 
(E)-MeCH=CHMe 2.7 
CH,=CHCMeJ 0.4 
(E)-MeCH=CHMe 2.7 
&,=CH, 2.3 
O=CCH=CHC(=O)d 0.6 
O=&H=CHC(=O)&H 0.2 
CH2=CH2 4.2 
CH2=CH2 1.6 
CH2=CH2 1.5 
CH2=CH2 1.8 
CH2=CH2 2.3 
CH2=CH2 0.0 
CH,=CHCN 1.2 
(E)-NCCH=CHCN 3.7 
CH2=CH2 3.7 
(E)-MeCH=CHMe -0.6 
(Z)-MeCH=CHMe 0.2 
CH2=CHO-n-Bu 0.5 
CH,=CHPh 0.7 
CH2=CHC6F, 1.2 
CH*=CHEt 1.3 
CH2=CHC(OH)Me, 1.7 
CH,=CHCH,OEt 2.3 
CH2=CHCH20H 2.8 
(E)-ClCH=CHCl 2.9 
CH,=CHCOOMe 3.0 
CH,=CHCHO 4.0 
CH,=CHCN 5.0 
CH,=CHMe 1.4 
CH,=CHMe 1.6 
CH2=CHMe 1.7 
CH,=CHMe 1.5 
CH1=CHI 0.9 
CH,=CH, 0.7 
O=eCH=CHC(=O@ 0.7 
CH,=CHCN -0.8 
CH2=CH2 1.8 
CHI=CH2 3.1 
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TABLE 2 (continued) 

M x Y N-N Olefin P&a 

Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pt 
Pd 
Pd 
Pd 
Pd 
Pd 
Pd 
Pd 
Pd 
Pd 
Pd 
Pd 
Pd 
Pd 
Pd 

Cl 
Cl 
MeCN 
MeCN 
PY 
PY 
C&NH, 
C&NH2 
Cl 
Cl 
Cl 
Br 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 
Cl 

Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
SnMe&l 
Cl 
Cl 
Br 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 
Me 

Vh 
Vm 
VC 
VC 
vc 
vc 
vc 
vc 
Ib 
Ia 
Ia 
Ia 
Ia 
Ia 
Ia 
Ia 
Ia 
Ia 
Ia 
Ia 
vc 
vc 

ViS 

CH2=CH2 1.3 
CH,=CHI 2.6 
CH2=CHMe 0.9 
CH,=CHCOOMe 1.7 
CH,=CHMe -0.6 
CHpCHCOOMe 0.5 
CH2=CHMe 1.6 
CH,=CHCOOMe >3 
CH2=CH2 2.5 
CHI=CHI 1.6 
CH,=CHMe - 0.04 
CH2=CHMe 0.6 
CHI=CH2 2.5 
CH,=CHMe 0.4 
CH*=CHO-n-Bu -0.7 
CH,=CHCH20H 1.9 
(Z)-HOCH,CH=CHCH20H 1.0 
CH,=CHCOOMe 1.2 
CH,=CHCHO 2.3 
CH,=CHCN 2.6 
CH2=CH2 0.2 
(E)-NCCH=CHCN 0.4 
CH2=CH2 -0.1 

presence of a substituent in the ortho position of an apical phenyl group destabilizes 
considerably the five-coordinate geometry [32]. 

In general, five-coordinate complexes containing palladium(I1) are less stable 
than the corresponding species containing platinum(I1) and the formation constant 
for the trigonal bipyramidal species has been found to decrease by four orders of 
magnitude on going from Pt(I1) to Pd(I1) (Table 2). 

5.2 Loss of an apical ligand 

Another decomposition pattern for the five-coordinate trigonal bipyramidal 
species involves the loss of an apical anion and formation of a cationic complex still 
containing the alkene (eqn. (25)). 

[Pt($-alkene)Cl,(N-N)] = [Pt(q2-alkene)Cl(N-N)] + + Cl- (25) 

The released anion, in turn, can react with the cationic complex to displace the 
alkene (eqn. (26)). 

[Pt(q2-alkene)Cl(N-N)] + + Cl- = [PtCl,(N-N)] + alkene (26) 
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This mechanism has been demonstrated to dominate in the decomposition of 

[Pt(~2-C2H4)C12(bipyridyl)] in methanol solution 1441. 
In some cases, the cationic substrate has been isolated and found to be very 

reactive towards nucleophiles 14%493. 

5.3 Insertion of the alkene in a a-bond 

Complexes of type A can also evolve to a square planar geometry via insertion 
of the unsaturated ligand into a metal-carbon cr bond. This reaction pattern has 
been observed when the alkene carries electron-withdrawing substituents. A similar 
reaction has also been reported for analogous alkyne complexes. 

The insertion of an alkene into a platinum-aryl (r bond has been observed, in 

chloroform solution and in the presence of free alkene, for type B complexes (eqn. (27)). 

t 

+ t NCYe (27) 

In the absence of free ethene, another reaction path, leading to the insertion of 
the alkene in a C-H bond, has been observed (eqn. (28)). 

(28) 

Insertion of the alkene ligand into an apical platinum iodide bond has also 
been reported [26]. 

5.4 Reductive elimination 

Five-coordinate complexes containing an alkyl and a halide ion in axial posi- 
tions can decompose to a trigonal species of zero-valent metal and alkyl halide (RX). 
This reaction pattern has also been observed in a few five-coordinate Ni(II) alkene 
complexes having a square pyr~idal geometry [SO]. 
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An addition/elimination equilibrium has been observed for a type A complex 
bearing an SnClMe, group in apical position (eqn. (29)) [Sl]. 

(29) 

5.5 Ligand exchange 

The reactions of ligand exchange bring no variation into the stereochemistry 
of the complexes except for the possible change of the absolute configuration of the 
metallic centre, if stereogenic. These reactions can involve all the ligands present in 
the complex, i.e. the alkene, the apical ligands, and the N-donor chelate, and are 
useful tools for the preparation of new five-coordinate species. 

The most likely mechanism, which applies to all ligand exchange reactions, 
implies the opening of the chelate ring and formation of a four-coordinate intermedi- 
ate which undergoes ligand substitution reactions according to the usual associative 
mechanism operating in square-planar ds metal complexes. This step is followed by 
ring closing of the bidentate ligand (the same as before or the exchanged one) which 
restores the trigonal bipyramidal geometry. 

6. STEREOCHEMICAL ASPECTS 

Most of the five-coordinate complexes of platinum(I1) and palladium(I1) have 
general formula [M(alkene)(bidentate ligandxmonodentate ligand),] (type A and B) 
or [M(alkene)(tridentate ligand)(monodentate ligand)] (type C). The coordination 
polyhedron is always a trigonal bipyramid having the alkene and two ends of the 
polydentate ligand in the equatorial plane and two monodentate ligands (or one 
monodentate ligand and the third end of the polydentate ligand) in the axial positions. 

6.1 The alkene ligand 

(1) The hindered rotation of the alkene ligand originates two atropisomers if 
the alkene has a symmetry different from CZh or DZh and the axial ligands and/or 
the equatorial coordinated ends of the polydentate ligand are chemically different. 
The two rotamers are in enantiomeric relationship if the alkene has CzV symmetry 
(e.g. Z-Zbutene) and the Cz axis is parallel to the line connecting either chemically 
equivalent axial ligands or equivalent ends of the equatorial chelate. 
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The ratio of the two stereoisomers can range from 1: 1 to the almost exclusive 
formation of only one isomer [32,43]. 

(2) The coordination of a prochiral alkene affords two enantiomeric species. 
Chiroptical properties have been investigated with the aim of finding correlations 
between CD bands and the configuration of the coordinated prochiral alkene [23]. 
Data so far collected seem to indicate the presence of a positive dichroism in the 
region 28 Ok-30000 cm- ’ for the R configuration. 

If the two axial ligands and the two ends of the equatorial chelate are chemically 
different, the metal centre is stereogenic and the coordination of a prochiral alkene 
affords two couples of enantiomers. In one case, namely A,,, in Table 1, it was 
possible, through an asymmetry second-order transformation, to isolate a pure 
enantiomer [S] on which an X-ray analysis was performed [30]. A rapid epimeriza- 
tion (tllz = 15 min) to a 5 : 3 mixture of two diastereoisomers was observed in solution. 
Analogous behaviour was found for Pd(I1) species. 

The simultaneous occurrence of the two types of isomerism considered in 
paragraphs (1) and (2) increases the total number of isomers proportionally. 

6.2 The equatorial chelate 

Another type of isome~sm can be born when the bidentate ligand is a prochiral 
diamine (e.g. a secondary diamine, RHNCH,CH,NHR) [25]. In this case, two 
enantiomers and a diastereoisomer are formed and they are generally indicated as 
trans (the two enantiomers) and cis (the diastereoisomer), depending upon the mutual 
orientation of the nitrogen substituents with respect to the plane of the chelate ring. 
The cis coronation has one of the N substituents in a quasi axial and the other 
in a quasi equatorial position; the trans conformations have both substituents in 
quasi equatorial positions. 

Unlike four-coordinate complexes, the five-coordinate species have, at room 
temperature, changeable confi~ration at the nitrogens that “freezes out” as the 
temperature is lowered. The trans conformations (those in which the two nitrogens 
have equal absolute configuration, either R,R or S,S), appear to be preferred. One 
possible explanation is that the two apical ligands, in a trigonal-bipyramidal arrange- 
ment, compress the other three ligands in the equatorial plane, whereby the amine 
is forced to adopt the tram confo~ation with the N su~tituents in quasi equatorial 
positions. 

The influence of a chiral N substituent on the configuration of the coordinating 
nitrogen has also been investigated for symmetrically substituted ethylenediamines 
such as ~,~-(CH~ePh)~-1,2-diaminoethane (IIIb in Chart 2). 

For the reasons given above, at low temperature the bidentate ligand is forced 
to assume a trans conformation, therefore the effect of the asyrrlmetric carbon on 
the configuration of the adjacent nitrogen can only result in the preference for one 
of the two possible trans conformations (either R,R or S,S absolute configurations 
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at the nitrogen atoms). Experimental data have led to the conclusion that the 
preferred trans conformation of the bidentate ligand is that which allows the chiral 
alkyl substituents to direct the least bulky group toward the apical ligands and the 
one immediately bigger toward the equatorial alkene ligand. When the priority of 
the groups for the assignment of the absolute configuration parallels their bulk, this 
corresponds to equal configurations on adjacent C and N atoms. 

I. NMR SPECTROSCOPY AND MOLECULAR DYNAMICS 

NMR spectroscopy provided information on coordination number and geome- 
try, conformation and configuration of the ligands, molecular dynamics, and fluxional 
processes. Also, ligand release and exchange processes and reaction kinetics were 
studied via NMR spectroscopy [29,30,32,35,43]. 

7.1 The alkene 

A clear correlation between the alkene spectral parameters and the coordination 
number has been observed [l&21,29,32,35,43]. This correlation affords both a diag- 
nostic criterion for the assignment of the coordination number and a reliable ground 
for inference on the nature of the metal-alkene bond. 

The most significant feature of the NMR spectra of the five-coordinate com- 
plexes is the high field shift of the signals concerned with the alkene hydrogen and 
carbon nuclei. This coordination shift (AS) is significantly higher than that observed 
in square-planar four-coordinate complexes. Typical ‘H values (8) for ethene com- 
pounds are 5.4 (free); 4.8-4.4 (four-coordinate complexes); 3.7-3.0 (type A complexes); 
3.4-1.7 (type B complexes). The corresponding 13C values are 122.8 (free); 75-65 
(four-coordinate complexes); 50-33 (type A complexes); 32-28 (type B complexes). 

A schematic representation of the above cited ranges is given in Chart 3. Table 3 
reports the i3C coordination shifts A6 and the corresponding lg5Pt coupling con- 
stants for some complexes having coordination numbers 3 (Pt(O)), 4 and 5 (Pt(I1)). 

A correlation between coordination shifts and IZ back-donation could be de- 
duced [11,19,30,38]. For example, alkenes bearing electron-withdrawing substituents, 
which should favour metal-to-alkene rc back-donation, give particularly stable com- 
plexes and show the greatest coordination shifts with respect to ethene. 

The coordination shift of the alkene also appears to increase when an alkyl 
group is present in the axial position of the trigonal bipyramid. Indeed, the presence 
of a good electron donor such as the alkyl group could enforce 7~ back-donation to 
the equatorial alkene. 

It is to be noted that an increase of the 13C coordination shift is not observed 
for a C=C bond coordinated in apical position. For example, in [Pt(COD)Me(2,9- 
Me,-l,lO-phenanthroline)]+, the value of Ad was 11 ppm for the COD moiety in 
axial position and 71 ppm for the COD moiety in the equatorial position [35]. This 
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result indicates that no back-donation is involved in the bonding of an alkene in the 

axial sites of a trigonal bipyramid. 
The coupling constant 1J(‘3C-‘95’Pt) for the alkene carbons is another parame- 

ter deeply influenced by the coordination number of the metal and by the presence 
of electron releasing axial alkyl groups. It is also observed that the presence of 
electron-withdrawing substituents on the alkene prompts an increase of the coupling 
constant. A direct correlation between 1J(‘3C-195Pt) and the extent of x back- 
donation appears to exist. 

Also, in the palladium complexes, a substantial up-field shift of the alkene 
signals in the five-coordinate complexes with respect to square planar species was 
observed [43]. Moreover, a difference in 13C shift between apical and equatorial 
alkene was observed similar to that mentioned above for a platinum complex. 

The energy of activation for the alkene rotation around the platinum-alkene 
bond was also investigated [18,52,53]. AC* for five-coordinate complexes was found 
to be in the same range (lo-16 kcal mol- ‘) as those for four-coordinate Pt(I1) and 
three coordinate Pt(0) species (Table 4). However, particularly high values of AC’, 
with a low-energy limit of 20 kcal mall ‘, were recently observed for a series of 
dihalide complexes of type A [29]. We wish to point out that in trigonal bipyramidal 
complexes it is not easy to discriminate between alkene rotation and N-N side 
exchange occurring through an intramolecular rearrangement. The simultaneous 
occurrence of both dynamic processes could lead, in some cases, to an underestima- 
tion of the rotational barrier for the alkene rotation. 

The alkene substituents as well as the apical ligands can influence the barrier 
to rotation. The activation energy appears to increase if electron-withdrawing substit- 
uents are present on the alkene and, to a smaller extent, if the size of the apical 
ligands increases. 

7.2 The equatorial chelate 

In the case of prochiral N-donor chelate ligands, the two coordinated nitrogens 
can have either equal or opposite configuration, giving rise to the formation of the 
so-called trans and cis isomers, respectively (see Sect. 6) [11,14,25]. 

A thorough study [ZS] comprising low-temperature NMR measurements has 
shown that, in this type of complex, the diamine undergoes rapid inversion of 
configuration at nitrogens at room temperature. Spectroscopic and structural data 
indicated that both inversion of configuration and proton exchange at the nitrogen 
atoms involve release of the platinum-nitrogen bond. On lowering the temperature, 
the configuration at nitrogens could be frozen and the resulting stereochemical 
implications have already been discussed in the section on stereochemical aspects. 

NMR data also revealed that an important feature in the stabilization of five- 
coordinate trigonal bipyramidal geometry is the bite angle of the nitrogen donor 
chelate. A theoretical study had envisaged how large bite angles should favour the 
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TABLE 4 

Activation energies for alkene rotation in [M(alkene)X,(N-N)] complexes 

N-N” Olefin X 
gal mol-‘) 

Ref. 

Platinum complexes 
R,S-IIIg CH2=CH2 
R,S-IIIb CH,=CH, 
R,R-IIIg CH,=CHCHa 

CH,=CHCHO 
0 =CCH = CHC(= O)d 

IV0 CH2=CHCHJ 
CH2=CHCH2CH3 

Cl 
Cl 
Cl 

Cl 
Cl 
Cl 
Cl 

IVb 

CH,=CHCHO Cl 
CHP=CHCOOCH, Cl 
CH,=CHPh Cl 

CH,=CHCOOCH, Cl 

Ia 
CH,=CHPh 
CH2=CHCH2CH3 
CH2=CHCH2CH3 
CH2=CHCHZCH3 

Br 
Cl 
Br 
I 

Palladium complexes 
Ia CH,=CHCH$H, 

CH,=CHCH$ZH, 
Cl 
Br 

1 5.0b 
13.8 
14.9b 
15.9” 

>17b 
> 17.gb 

16.7b 
16.6b 
16.3” 

>18’ 
>18’ 

1 3.80b 
14.09’ 
15.9lb 
15.82’ 
13.2b 
20.6b 
20.gb 
20.5b 

14.lb 29 
13.6b 29 

d 

25 
d 

d 

d 

d 

d 

d 

d 

d 

18 

18 

18 
29 
29 
29 

‘See Chart 2. 
bDetermined by ‘H NMR. 
“Determined by 13C NMR. 
dA. De Renzi, L. Paolillo and A. Vitagliano, unpublished results. 

in-plane coordination of the ligand [54]. Experimental results, on the other hand, 
evidenced how the increase of the bite angle destabilizes the trigonal bipyramid 
which shifts to a square planar geometry by chelate ring opening. For instance, in a 
study concerned with the behaviour in solution of complexes of composition 
[Pt(~2-C2H4)C12{Me2N(CH2),NMe2}] (n =2, 3, 4), it was found that for n =2 the 
only species present (until the decomposition temperature was reached) had a five- 
coordinate geometry. When n = 3, there was rapid interconversion between five- and 
four-coordination (the square planar species containing singly bonded diamine) and 
at lower temperatures, the equilibrium shifted in favour of the five-coordinate geome- 
try. When n = 4, the amine could act only as a monodentate ligand although the two 
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ends of the diamine remained equivalent because of a fast head-to-tail rearrangement 
of the ligand. 

8. X-RAY STRUCTURAL STUDIES 

Less than a score of structures have been reported for Pt(I1) and Pd(I1) five- 
coordinate alkene-containing compounds. The relevant bond parameters pertinent 
to the coordination sphere are illustrated in Chart 4. The structural data are reported 
in diagrammatic form so that the degree of chemical equivalence of topologically 
corresponding interactions can be easily appreciated. 

An analysis of the bond distances and angles shows that the estimated standard 
deviations involving light atoms are quite high, and, more than that, some values 
are surely unrealistic. This drawback is innate to X-ray diffraction experiments in 
which the overwhelming scattering power of platinum and the thermal motion make 
the accuracy of structural details involving light atoms quite poor. An additional 
inconvenience is that the detection of the hydrogen atoms is not only uncertain but 
often impossible. However, the location of the hydrogen atoms is essential for a 
correct positioning of the carbon atoms by least-squares calculations. If the position 
parameters of a carbon atom are refined, ignoring the scattering contribution of the 
attached hydrogens, the atom is displaced toward the centre of gravity of the CH, 
electronic system, resulting in an artificially long carbon-carbon distance. For these 
reasons, comparisons should be made not only observing the quoted standard 
deviations of the compared values but also paying attention to how the hydrogen 
atoms were treated, i.e. experimentally located, added in calculated positions (an 
acceptable procedure), or even omitted (source of serious errors). Other sizeable 
disturbances are the deformations caused by the packing forces that affect the softer 
metal-ligand interactions more seriously than the intraligand bonds. This being the 
experimental situation, the analysis of the molecular geometries will be oriented 
towards the search for trends based on average values more than comparisons among 
individual values. (The mean values of bond distances cited in the following discussion 
have been calculated omitting those judged to be seriously in error because of poor 
experimental data or inadequate structure model.) 

All the structures described in Chart 4 share the following features. 
(a) The coordination geometries are invariably trigonal-bipyramidal when 

assuming the coordinated alkene to be monodentate. 
(b) The alkene ligand is always in the equatorial position and the coordinated 

carbon atoms lie in the equatorial plane. Therefore all the complexes in this family 
belong to class T according to the Hartley’s classification [55]. 

(c) A chelate ring, either flat or puckered, produced by a bidentate dinitrogen 
ligand occupies the other equatorial sites. 

(d) Two monodentate ligands, mostly two chloride ions or one chloride and 
one alkyl group, define the axial sites. 
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IPtf Me,N(C~~~)CMe=CH,)CI(bipy)l 
3, ref. 40 

IPt(C,H,)Cl,(ff,RMe(PhMeHC)NCH,- 
CH~NMe~CHM~Pb}] ] 4, ref. IJ 
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(Pt(CIH,)Cl,(Mc,NNCHCHNNMe,)l 
7, ref. 73 

I ( (Me,NNCMeCMeNNMe,)CI,Pt(CHz=CH- ) J 
9, ref. 42 

(Pt(C,H,)CI,(R.S-(PhMeHC)HNCH,- 
CHJWCHMePh)) 1 11, ref. 25 

Me +le 

[Pt(E-2-butene)Cl,(Me,NNCMeCMeCMe,)l 
% ref. 22 

Me 

[Pt(Cr,)ClMe ( 6-Me-py-2XHN(CHMePh)) ] 
10, ref. 30 

IPt(C,H,)C!,IR.R-(PhMeHC)HNCHt - 
CH@-WHMePh)] 1 12, ref. 25 



104 

[Pt(E-NCCH = CHCNCl~{M~PhMeHC) 
NCH~~H~NM~CHM~Ph)~] 13, ref. 26 

0 

fPd(C&O,)CiMe(Me,phen)] 
15, ref. 43 

[PtfC,H,)CI,fdiaikene~t 
17, ref. 34 

V. G. Al&cm et al./Ccord. Chem. Rev. 133 (1994) 67-1 I4 

[Pt (CH(~)~CH=~(~)~~H(O~ 1 i 
CifMe,Phen)] 14, ref. 41 

(Pt(C,H,M,(Me,phen)l 
16, ref. 29 

[Pt(C,H,fCI(SnClPh,ffMe,phenil 
18, ref. 63 
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IPt(C,H,)Ci(py)(Mr,phrn)l* 19, ref. 36 

Chart 4. Relevant bond parameters pertinent to the coordination sphere of five-coordinate complexes. 

The Pt-ligand interactions are not found to be systematically different from 
the corresponding Pd-ligand values [43,56], therefore the two metals will not be 
treated separately and the average bond distances will be calculated over both metals, 
and considering the very limited number of structures reported for palladium. 

8.1 The coordinated alkene 

The geometrical modifications of an alkene molecule upon bonding in a five- 
coordinate Pt(I1) or Pd(I1) complex are similar to those observed in four- and three- 
coordinate species, i.e. bending away from the metal centre of the hydrogens or 
substituent groups. These effects are explained by the G donation and z back- 
donation bonding model primarily put forward by Dewar [57], and Chatt and 
Duncanson [SS]. Both components of the bond concur in strengthening the metal- 
alkene interaction and weakening the C=C bond. The out-of-plane displacement of 
the substituent groups is mainly ascribed to the II back-bonding [55,59] and is a 
good indicator of this component of the bond. Therefore the structural data should 
follow the following trend: the shorter the metal-carbon distances, the longer the 
carbon-carbon distance and the larger the deviation from planarity. Unfortunately, 
the data at hand are not so accurate as to show unambiguously the whole sequence 
of effects. The Pt-C distances are spread in the interval 2.05-2.16 A (average 2.08 
A). The C=C values span the range 1.35- 1.48 A ( average 1.43 A). The average values 
are likely to be reliable estimates and can be assumed to be standard values for 
coordinated alkenes in five-coordinate complexes. They can be compared with the 
most accurate distances available for four-coordinate species determined by neutron 
diffraction for the Zeise’s anion [Pt(C,H,)Cl,] - [60] and the catlion [Pt(&H,)Cl- 
(Me2NCH&H2NMeJ]+ [61]. In these species, the Pt-C and C=C values are 
2.13 l(3), 2.175(5) and 1.375(4), 1.376(3) A, respectively. Another important element of 
comparison is the carbon-carbon distance in the free ethene (1.337(2) A [62]). These 
figures clearly indicate stronger metalralkene interactions in five-coordinate com- 
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plexes with respect to four-coordinate species. They are accounted for in terms of 
higher a contribution to the bond promoted by greater charge accumulation on five- 
coordinate metal atoms. Further information about the different balance between 0 
and 71 components of the bond in five- and four-coordinate compounds are contained 
in the deviation from planarity of the alkene. As already specified, the hydrogen 
atoms are not located with sufficient accuracy to give reliable information so that 
we have to rely on substituted alkenes such as E-Zbutene. Two structures well suited 
for such a comparison are those of [Pt(E-MeHC=CHMe)C1,(MeZNN=CMeCMe= 
NNMe&] (8 in Chart 4) [22] and [Pt(E-MeHC=CHMe)Cl,(Bu’N=CHCHCH=NBu’)] 
[21], the diimine acting as monodentate in the latter species. The Me-C=C-Me 
torsion angle is found to be 50(2) and 27(l)” in the five- and four-coordinate species, 
respectively. These angles are in keeping with the Pt-C average distances of 2.07(2) 
and 2.16(2) A, respectively, and give firm evidence of greater n back-bonding in five- 
coordinate complexes. 

Unfortunately, the C=C distances of 1.35(2) and 1.38(3) A, respectively, are 
not sufficiently accurate for a meaningful comparison. Values in accord with the 
expected trend are exhibited by the fumarodinitrile in [PtCl,(E-NCCH=CHCN)- 
((PhMeHC)MeNCH,CH,NMe(CHMePh)}] (13 in Chart 4) [26]: Pt-C, 2.073(5); 
C=C, 1.48 A; NC-C=C-CN torsion angle, 40.0(4)“. 

This analysis of the Pt-alkene interactions is in accord with that found in 
[Pt(C2H,)Cl,(dialkene)] (17 in Chart 4) in which three alkene double bonds are 
coordinated in the equatorial plane [34]. The bond values of the ethene in this 
molecule, with longer Pt-C (2.154(7) A) and shorter C = C bonds (1.394(8) A), clearly 
show the effects of three competing R acceptors. 

8.2 The equatorial chelate 

A key feature in the stabilization of the five-coordinate Pt(I1) and Pd(I1) 
complexes is the presence of a bidentate ligand, a dinitrogen donor in most of the 
species so far reported, forming a five-membered ring in the equatorial plane. The 
ring can be either puckered for the aliphatic diamines or flat for the aromatic 
diamines and imines. The stabilizing effect of the chelate rings is a combination of 
electronic and steric factors and it could be interesting to get them apart. The 
electronic contributions can be assessed in terms of stability of the Pt-N interactions 
as inferred from the bond distances. 

In spite of the large spreading of values some differences can be appreciated. 
The sp3 hybridized amine nitrogens exhibit average Pt-N distances of 2.31 A. The 
Pt-N(aromatic) and Pt-N(imine) distances are not detectably different and their 
average value is 2.23 A. The 0.08 A difference between the above distances can be 
explained in terms of greater n contribution to the coordination interactions and 
lower radius of the sp2 hybridized nitrogen atoms. Minor differences in bond strengths 
between sp2-N(pyridine) and sp2-N(imine) have been demonstrated with a sufficient 
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level of confidence in the molecule [Pt(C2H,)ClMe(6-Me-pyridine-ZCH= 
N-CHMePh)] (10 in Chart 4) [30], in which both kinds of nitrogen are present. The 
Pt-N(imine) and Pt-N(pyridine) distances are 2.188(4) and 2.239(5) A, respectively. 

The Pt-N distances are, on average, 0.20 A longer in five-coordinate than in 
four-coordinate compounds. This effect can be better appreciated on comparing 
the bond distances for the same ligand in five- and four-coordinate molecules. 
Good examples are as follows: [Pt(C,H,)C1,(2,9-Me,-l,lO-phenanthroline)] (16 in 
Chart 4) and [PtC1,(2,9-Me,-l,lO-phenanthroline)], 2.236(5) and 2.045(8) 8, [29]; 
[PtC1,(C2H,){R,S-(PhMeHC)MeNCH&H,NMe(CHMePh)}] (11 in Chart 4) and 
[PtCl,{R,S-(PhMeHC)MeNCH2CH,NMe(CHMePh)}], 2.265(11) and 2.044(11) A 
[25], respectively. The elongation in five-coordinate species can be ascribed to the 
following factors: 

(a) greater electronic saturation of the platinum atom in five-coordinate com- 
plexes that weakens the c donation. This effect should be of importance, was it not 
offset by the rr accepting power of the alkene; and 

(b) less favourable overlap between donor orbitals and hybrid metal orbitals 
due to the acute bite angle imposed by the ring constraints (72-81”). 

The importance of the last factor is demonstrated by an analysis of the bite 
angles, the more flexible diamine ligands exhibit an average value (78.3”) significantly 
wider than the more rigid aromatic diamines and imines (73.7”). 

Most probably, the cooperation of both factors leads to the remarkable N-N 
bond lengthening. It should be noted that these factors appear to operate specifically 
in the equatorial plane and remarkable differences in length have been observed 
between equatorial and axial Pt-N bonds. The recently determined structure of the 
cation [Pt(C,H,)C1(2,9-Me,-l,lO-phenanthrolineXpyrdine)]’ (19 in Chart 4) [36] 
has shown that the equatorial and axial Pt-N distances are 2.233(4) and 2.027(4) A, 
respectively, with a net difference of 0.2 A. 

The figures discussed above reveal that the donor abilities of the dinitrogen 
ligands are not determining in stabilizing the five-coordination and that the chelate 
rings are more stable in the square planar than in the trigonal-bipyramidal 
coordination. 

Furthermore, some chelate ligands have been found to greatly stabilize the 
five-coordinate species. The stabilizing effect of these ligands can be understood in 
terms of non-bonded interactions, i.e. the possibility of building up the steric hin- 
drance in the equatorial plane by suitable substituents in the vicinity of the donor 
atoms. The higher the atom crowding in the equatorial plane, the lower the tendency 
towards alkene dissociation (Table 2). That happens because bulky substituents 
hinder the full stabilization of an undistorted square-planar geometry after the alkene 
elimination. In other words, the enthalpic cost of the dissociation tis greater because 
of retention of some potential energy (in the form of interligand repulsions and bond 
deformations) and the associated entrapic gain does not afford su&cient motivation 
to the alkene dissociation. The geometric side of this thermodynamic effect is well 
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doc~ented in the dramatic deformations exhibited by two four-coordinate species 
containing 2,9-dimethyl-l,lO-phenanthroline as chelating ligand, [PtCl,(2,9-Me,- 
l,lO-phenanthroline)] [29] and [PdClMe(2,9-Me,-l,lO-phenanthroline)] [%I in 
which the phenanthroline plane is bent some 39” away from the coordination plane. 

8.3 The axial &an& 

The axial ligands are, in most cases, either two Cl- or one Cl- and one alkyl 
group. In molecules with two chloride ligands, the average Pt-Cl distance is 2.305 A, 
most values being within +0.02 ir, of this value. In one case (3 in Chart 4), an aminic 
nitrogen is present tram to the chloride and the Pt-Cl distance is slightly longer 
(2.33(2~ ..& [40]). Significantly longer distances are found when an alkyl group is the 
trans ligand (10, 14 and 15 in Chart 4), average value 2.47 A [30,41,43]. The strong 
trans influence of the alkyl ligands is responsible for this elongation. The Pt-Cl 
average distances are strictly comparable with those found in four-coordinate species, 
See, for example, the values reported for the Zeise’s anion [60] (2.302(2) and 
2.340(2) A, the latter value referring to the chloride tram to the ethene) and 
[Pt(C,H,)Cl(Me,NCH2CHzNMez)l+ [Sl] (2.304(2) A, neutron diffraction studies). 

Very recently, the structure of the tin derivative [Pt(C~H~~l~SnPh~Cl~~2,9~ 
Mew-l,lO-phenanthroline)] (18 in Chart 4) has been determined and the trans influ- 
ence of Sn on the chloride ligand has been found to be comparable with that of the 
alkyl groups: Pt-Cl 2.478(3) il [63]. 

The mean value of the Pt-C(alky1) distance (2.05 A) is almost equal to the 
corresponding value for four-coordinate complexes and only slightly shorter than 
the average Pt-C(alkene) distance (2.08 8) in five-coordinate species. The latter figure 
indicates that the CF + IZ Pt-Cfalkene) bond is comparable in strength with the purely 
tr Pt-Cfalkyl) interaction. 

It is remarkable that, while the axial R-Cl and Pt-C(alky1) average distances 
are quite unaffected by the change in coordination number, the equatorial Pt-N and 
Pt-(alkene) are signi~cantly elongated and shortened, respectively, in Eve-coordinate 
complexes with respect to four-coordinate species. We have already discussed these 
effects, explaining the Pt-N elongation in terms of greater electron density on the 
metal atom and less favourable orbital overlap and the Pt-C(alkene) shortening in 
terms of stronger metal-to-ligand 7c back-donation. 

These results are in complete agreement with the theoretical calculations carried 
out by Rossi and Hoffmann on [M(monodentate),] species which led to the conclu- 
sion that, for a trig~nal-bipyramidal geometry of a d* metal ion, (a) when only d 
bonds are considered the strongest CT donors prefer the axial sites, (b) for the same 
reason good n acceptors prefer the equatorial sites and (c) in the case of single-faced 
acceptors, as the alkene, the preferred orientation is that with the C-C double bond 
lying in the equatorial plane [64]. 
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8.4 Trygonal-bipyramidai versus octahedral description ojthe complexes 

The question whether a coordinated alkene is a truly monodentate ligand or 
can be considered bidentate is as old as the early bonding theories of z complexes. 
It has been demonstrated that there is no contradiction between the 
~war-Chatt-Duncanson model and the valence bond view in terms of cyclopro- 
pane ring [20,55]. The real situations are somewhere in between the two limiting 
cases of predominant g donation (unidentate ligand) and predominant n back- 
donation (bidentate ligand forming a cyclopropane ring). 

As already discussed, most five-coordinate species have a chelate ligand in the 
equatorial plane with N-Pt-N’ bite angles in the interval 72-81”. In two cases, the 
L-Pt-L equatorial angle could be measured in the absence of chelate ring 
constraints. In [Pt(F,CC=CCF,)ClMe(AsMe3)J [65] (the arsine ligands and the 
alkyne molecule in the equatorial plane), the As-Pt-As angle was 104.2(2)“, and 
is probably influenced by methyl-methyl steric interferences. In [Pd- 

(HC8(C0,Me)s)C1(C,H,N),] (1 in Chart 4) 1663 (the equatorial sites occupied by a 
pyridine molecule, a chloride ion and an alkene), the Cl-Pd-N angle was 92”. These 
values of bond angles could be interpreted as evidence for a distorted octahedral 
coordination of the metal atoms (oxidation state +4) and a cyclopropane type 
description of the metal-alkene bond [the electron-attracting substituents could 
foster the metal-to-ligand back-donation]. 

The small N-Pt-N’ bite angle observed in most of the five-coordinate species 
described here will be discussed in the next section. 

9. CONCLUDING REMARKS. REQUIREMENTS FOR A STABLE FIVE-COORDINATE COMPLEX 

The results achieved in the last two decades allow a good rationalization of 
the four- versus five-coordination for d* metal ions. These are, among the transition 
metals, a special case [67,68]. Their preferred coordination number is four and there 
is a general agreement that the non-bonding dZ2 electron pair is responsible for the 
stabilization of the square planar geometry especially for the second and the third 
transition row. 

The switch from four- to five-coordination can be described according to the 
initial step in the associative mechanism operating in the substitution reactions 
involving four-coordinate 1Qelectron transition metal complexes. The vacant p, 
orbital of the metal, which is ~~endicular to the molecular plane, can accept an 
electron pair from the entering ligand. As the reaction proceeds, the entering ligand 
and two trans ligands of the square plane move from a mutub T-shaped to a 
Y-shaped arrangement. These define the equatorial plane of the ttigonal bipyramid 
in which the other two trans ligands of the former square planar complex occupy 
the apical positions. In the equatorial plane are also confined the two electron 
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concentrations (filled dZ2 orbital), which in the square-planar precursor were located 
above and below the coordination plane. 

This description of four- versus five-coordination can assist in enlightening the 
role of the alkene and of the bidentate ligand in stabilizing the five-coordination. 

9.1 The alkene 

A series of platinum(I1) complexes of formula [Pt(L)X2(2,9-Mez-l,lO-phe- 
nanthroline)], where L is either an alkene or a ligand with a C, N or P donor atom 
(L= CzH4, CO, PPhs, ONPh), has been characterized crystallographically [69]. 
It has been found that, depending upon the nature of L, the phenanthroline shifts 
from a symmetrical doubly bonded to a non-symmetrical singly bonded situation 
(Chart 5). Ab initio molecular orbital calculations indicate that all L ligands are 
good e donors (as expected from the 2+ oxidation state of the metal) but, in 
contrast, the n-accepting capability varies dramatically along the series 
C,H4 > CO > PPh, > ONPh. The most reasonable explanation for the observed trend 
is that, in the complexes containing L ligands other than alkene, the second end of 
the phenanthroline is not allowed to enter the coordination sphere of platinum 
because of the repulsion caused by the dZ2 electron concentrations located above 
and below the square coordination plane. On the other hand, when a strong Z- 

N 
‘,2.&l ,s 

\ c 2.182,,‘\ I /zh 

N-T+: 
P’ 

‘*.___..’ \ 165.85 ph 

N 
‘Q&52, 

@ 

\ 
2.0817’, , 

N : 
P 

‘X____. / \ 
176.6, ph 

Chart 5. Relevant bond parameters pertinent to the coordination sphere of [Pt(L)X,(2,9-Me,-IJO-phe- 
nanthroline)] complexes. 
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acceptor ligand such as an alkene is present, these electron concentrations are 
reduced, allowing the second nitrogen of the diamine to donate its lone pair to the 
metal. The residual repulsion between the nitrogen lone pairs and the dZZ electron 
clouds contributes to the destabilization of the two platinum nitrogen bonds. 

9.2 The equatorial chelate 

The presence of a chelate, with a variable degree of rigidity, is particularly 
relevant in order to isolate a eve-coordinate complex. Two unidentate ligands, in 
place of one bidentate ligand are, instead, quite ineffective in stabilizing five- 
coordination and only in a few cases an equilibrium between the four-coordinate 
and the five-coordinate species has been evidenced at low temperature (-40°C) 
[70,71]. 

Theoretical calculations on the exchange process of the ammine ligand in trans- 
[~(L)Cl~(NH~)] were performed by Lin and Hall [72]. It was found that, even in 
the most favourable case, i.e. when there is an alkene trans to the exchanging ammine, 
the trigonal bipyramidal activated complex is higher in energy than the reagents (the 
square planar complex and the free ammine). To reverse the relative stability of these 
two situations, along the reaction coordinate, it is necessary to circumvent the 
favourable entropic cont~bution of the two separate reagents which become bound 
together in the transition state. This can be achieved by linking together the two 
reagents and this is what is really done by employing a bidentate ligand. 

In the paper of Lin and Hall quoted above, the optimum angle between the 
two metal ammine links, in the trigonal bipyramidal transition state, was calculated 
to be 85.5” for [PtCl,(NH,),(C,H,)J with the NH3 groups and C2H, in the equatorial 
plane and Pt-N distances of 2.45 A. Such a small angle originates from the presence, 
in the equatorial plane, not only of the entering and leaving ammine and the aIkene 
ligand but also, as already pointed out, of the two electron concentrations (filled 
dZ2 orbital), which in the square planar precursor were located above and below the 
coordination plane. The molecular structures already discussed have shown that the 
bidentate ligand always exhibits an acute bite angle in the range of 72-X1”, in good 
agreement with the value calculated by Lin and Hall. This answers the question why 
a small ligand bite, in contrast to what most people would have expected, could 
favour the formation of a five-coordinate species. 

9.3 The steric constraints in trigonal versus square planes 

For a given chelate, the steric constraints are bigger in a square-planar species 
than in the equatorial plane of a trigonal-bipyramidal complex, and the change in 
the relative stability as a function of the ligand hindrance is well evidenced whenever 
an equilibrium takes place between a five-coordinate species, [M(bidentate ligand) 
(unidentate ligand),], and a four-coordinate species, [M(bidentate ligand)(mono- 
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dentate ligand),] (which can be either precursor or decomposition compound of the 
former). Steric factors can therefore destabilize the square-planar complex and not 
affect the stability of the five-coordinate species, apparently contradicting the widely 
accepted idea that an increase of bulkiness favours a lower coordination number. 
On this basis, several N-donor bidentate ligands, having the proper steric require- 
ment, could be used to construct stable five-coordinate complexes. 
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