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ABBREVIATIONS 

atsc acetonethiosemicarbaone 
bda bis (2_diphenylphosphinoethyl) amine 
bddae N, N-bis (t-diethylaminoethyl)-24iphenylarsinoethylamine 

bdhe N, N-bis (2_diethylaminoethyI)-2-hydroxethykunine 
bdme IV, N-bis (2_diethylaminoethyl)-2-methylthioethylamine 
catec o-dibydroxobenzene 
CR 2, 12-dimetbyE3,7, 11, 17-tetraazabicycloI11.3.1]heptadeca-1(17), 2, 11. 13, 15- 

dacoDA 
ddc 
diars 
diphos 

dmp 
DSP 
dtb 

dtpa 
Etqdien 

pentaene 
1, S-diazacyclooctane-N, N’-diicetate 
dimethyldithiocarbamate 
o-phenyhnebis (dimethylarsine) 
bis(l,2-(diphenyiphosphino) ethane) , 
2, I)-dimethyl-1, IO-phenanthrolme 
bis (o-methylthiophenyl) phenylphosphme 
dithiobenzoate 
dithiophenylacetate 
bis (2diethylaminoethyl) amine 
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A. INTRODUCTION 

Etphos 
n-ma 
Medabco 
Mesdien 
Mezdpma 
AMezdtp 
Mephos 
Meetren 
mpdo 
NOP2 
paphy 
picox 
QP 
Salen 
GlenNEt 
SalMedpt 
TAP 
tas 
tcbt 
tda 
2,3, Ztet 
tfet 
tpen 
tliXS 

TSP 

g-ethyl-9-phosphafluorene 
z-methalIy1 
N-methyl-l, 4-diazabicyclo[ 2.2.21 octonhlm ion 
bis(2-dimethylaminoethyl) methylamine 
6,6’-dimethyldi-(2-pyridylmethyl) amine 
bis (0, o’-dimethyl-dithiophosphate) 
9-methyl-9-phosphafluorene 
tris (24methyIaminoethyl) amine 
I-(o-methoxyphenyl)-2, 6-diazaoctane 
N, N-bis (2-diphenylphosphinoethyl~Z-methoxyethylamine 
pyridine-2-aldehyde-2-pyridylhydrazone 
Zpicoline-N-oxide 
tris (o-diphenylphosphinophenyl) phosphine 
N, N’-ethylene-bis (salicylaldimine) 
N-pdiethylaminoethyl-salicylaldimine 
bis (salicylidene-y-iminopropyl) methylamine 
tris (3-dimethylarsinopropyl) phosphine 
bis (3-dirnethylarsinopropyl) methylarsine 
1, 2, ?, 4-tetrachlorobenzene-5,6-dithiolate 
tris (2-diphenylphosphinothyi) amine 
N, W&-(3-aminopropyl) piperazine 
1, 2-bis (trifluoromethyl) ethylene-l, 2-dithiohte 
N, IV, IV’-tris[ 2-(2’-pyridyl) ethyl] ethylenediknine 
bis (odimethylarsinophenyl) methylarsine 
tris (o-methylthiophenyl) phosphine 

P.L. ORIOLI 

The subject of five-coordination in transition metals has been extensively treated both 
from the spectroscopic 1y2*3 and the stereochemical 4a5 point of view, but a large amount 

of X-ray structural work has been done recently in this field. A survey of the recent 
literature shows that most of the X-ray work has been done with 3d transition metal 
complexes. Apart from copper@), for which the number of structures of five-coordinate 
complexes reported is close to eighty or so, it appears that nickel(H) and cobalt(H) are 

the metals most largely studied, particularly due to the impulse of Sacconi’s and Ibers’ 

schools. In fact, not less than thirty-five complete X-ray structures of five-coordinate 
nickel(H) complexes and fourteen of cobalt(I1) complexes have been reported. 

From the large amount of material available it appears nowpossible to make some de- 
taiIed considerations on +Jle stereochemistry and the bonding in these complexes. Un- 
fortunately, wiih few exceptions, the cobalt(I1) and nickel(I1) complexes whose structures 

have been determined by X-ray analysis, are formed with polydentate ligands, or, less 
often, with bulky monodentate ligands. In these complexes the steric requirements of the 
ligand molecule play an important role in determining both the type of geometry for the 

coordination polyhedron and the values of the bond lengths and angles about the metal 
atom. This shows of course that in spite of the large number of structures of five-coordi- 
nate complexes available, five-coordination for cobalt(I1) and nickel(I1) must be consider- 
ed unusual and is favoured by the use of bulky and polydentate ligands which prevent 
six-coordination around the metal. 
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In spite of these limitations, a detailed comparison of bond lengths and angles in 
related structures allows one to draw interesting conclusions about the electronic struc- 
tures of the atoms and the nature of the metal-ligand bond. 

B. THE RELATIVE STABILITY OF FIVECOORDINATE GEOMETRIES 

Although the stability of five-coordinate geometries has been discussed by several 
authors ‘A a short survey of the results is obviously necessary before a discussion of the 
stereochemistry of frve-coorciinate complexes. 

On the basis of charge repulsion considerations, Zemarm ’ has shown that the most 
stable arrangement for five ligands MLs at equal distances from M is the trigonal bipyramid 
(Dsh symmetry) (Fig. l(a)). Only slightly less stable is a square pyramid (C,, symmetry) 
(Fig. l(c)) with the central atom M above the basal plane. For bivalent L2- ions and an 
M-L distance of 2.0 A, the trigonal bipyramid is 5.96 kcal= mol-’ more stable than the 

._ square pyramid. Zemann’s results are summarized in Table 1. 

LA 

%h C 2v 

(b) 

C4” 

(c) 

Fig. 1. Interconversion between the two idealized fwe-coordinate geometries; (a) trigonal bipyramid 
(D,h symmetry); (b) intermediate geometry (Cz, symmetry); (c) square pyramid (C4u symmetry). 

TABLE 1 

Angular values of the idealized fwe-coordinate geometries qb (“) 

Angle Square pyramid 7kigoncll bipyramid 

/C4;symmemV /D3i,wmmem~ 

Lr-M-L2 184.1 120 
Lr -M-L3 104.1 120 
Lr-M-L4 104.1 90 
Lx-M-L5 104.1 90 
h-M-L3 151.9 120 
L4 -M-Ls 151.9 180 
L*-M-L4 86.6 90 
L4-M-L3 86.6 90 
La-M-Ls 86.6 90 
Ls-M-L2 86.6 90 

Q Charge repulsion model ‘. b See Fig. 1 for labeling. 

Coord. Chem. Rev., 6 (1971) 285-308 
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Although the above considerations strictly apply to ionic complexes, Gillespie 6 has 
shown that analogous results are obtained considering the repulsions of five valence shell 
electron pairs at the same average distance from the nucleus. 

An interesting result of Zemann’s treatment is that the potential energy maximum 
between the two minima is rather flat, indicating that intermediate configurations are not 
energetically unfavourable. As shown in Fig. 1 it is possible to pass from Dab to f& via 
a structure of C,, symmetry, by opening the b -M-L3 angle and closing the La-M-L5 
angle. This process of interconversion must be kept in mind whenever examining the 
stereochemistry of fwe-coordinate compIexes. Many coordination polyhedra are in fact 
intermediate between the two idealized models and their geometry can be referred to 
Fig. l(b), the vahres of the angles being determined in each case by a number of factors 
discussed below. The L4--M-L5 angle may not be involved in the interconversion 
process, particularly when the resultant square pyramid would have the metal atom 
coplanar with the basal ligands (see beiow) or when the geometric constraints of the 
hgand molecule do not allow bending of the M-L, and M--L5 bonds. 

Ford’ to dg electronic configurations the crystal field stabilization energy (C.F.S.E.) 
favours a square pyramidal model in all cases. Table 2 reports data ford’ and d8 configu- 
rations 8 _ However, it has been shown ’ that the stabilization due to crystal field energy 
decreases for models in which the La,-M-L,,, angle deviates from 90”, so that for values 
of 105” a trigonal bipyrarnidal configuration may be more stable in some cases. As a 
result of these considerations square pyramidal coordination polyhedra of 3d complexes 
with essentially ionic binding show Lap -M-L,, angles of about 1 OO”, somewhat smaller 
than the value calculated on the basis of the charge repulsion model (Table I). For an 
M-L distance of 2.0 A this corresponds to a displacement of the metal atom of 0.34 A 
above the basal plane, compared with the value of 0.48 A calculated for Zemann’s model. 

TABLE 2 

Crystal field stabilization energies (in Dq) for d7 and dS configurations= 

Srrong jielii Weak field 

Sq. pw i’hg. bip. Sq. pm Trig. hip. 

-19.14 
-18.28 

a From Ref. 8. 

-13.34 - 9.14 -5.45 
-14.16 -10.00 -6.27 

The nature of the metal hgand bonding should also be considered in discussing the 
stability of five-coordinate geometries and in particular the possibility of sr-bonding. This 

subject has been discussed in detail by Furlani ’ . According to this author, the total pos- 
sibility of n-bond formation in a square pyramid is more effective than in a trigonal bi- 
pyramid, essentially because the dxy , d,, and duz metal orbit& have full &imction, 
whereas in the trigonal bipyramid only dxz and duz have full Ir-function, since dxu and 
d,+z are partiehy o-antibonding. Coplanarity of the metal atom with the basal hgands 
makes n-bonding more efficient, especially with chelating ligands having a system of or- 
ganic type n-orbitals. 
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Other factors affecting the stability of fwe-coordinate geometries are the shape of the 
ligand molecule and packing effects. 

The.steric requirements of the ligand molecule can obviously influence the type of 
coordination geometry around the metal atom, but some recent structural determinations 
have shown that the flexibility of pblydentate ligand molecules is greater than one might 
think. 

Packing effects can act through formation of dimers, hydrogen bonding and influence 
of counterions of particular shape, but it is very hard to make an a priori evaluation of 
these effects. 

C. FACTORS CAUSING DISTORTIONS FROM THE IDEALIZED MODEL% 

The two idealized polyhedra described in the previous chapter are very seldom met in 
practice because several types of distortions can be caused by a number of factors which 
will be discussed briefly. 

(i) Stereochemical activity of the d electrons 

The effect of the non-uniform distribution of the d electrons on bond lengths in five- 
coordinate complexes was fast discussed by Gillespie 6, who simply considered the d 

shell as having an ellipsoidal rather than spherical shape. Recently with the increasing 
accuracy of X-ray diffraction methods, the effect of this non-uniform distribution has 
been demonstrated. 

The series of high spin five-coordinate complexes [M”(Me6 tren)Br] Br, (M” = Mn, Fe, 
Co, Ni, Cu, Zn) provides a good example of stereochemical activity of the d electrons in 
five-coordinate complexes. Crystals of the compounds are isomorphous, space group 
p2r 3. The structure consists of trigonal bipyramidal [M(Me, tren)Br] + cations and Bi 
anions, arranged in a distorted NaCl type of lattice ‘*r3, [I] . 

I 

Figure 2 shows a plot of the M-N and M-Br distances against the atomic number. The 
distances do not decrease monotonically as one would expect by considering the regular 
increase of the effective nuclear charge and moreover equatorial and apical distances do 
not behave in the same manner. This behaviour can be easily explained by considering the 

Cooni. Chem. Rev., 6 (1971) 285-308 
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Fig. 2. Plot of the M-N and M-Br distances vs. the atomic number in the series of complexes 
[MII(Meetren)Br] Br, @III = Mn, Fe, Co, Ni, Cu, Zn). Standard deviations are about 0.015 and 
0.005 A for M-N and M-Br bond lengths respectively (thoughout the paper standard deviations on 
bond lengths and angles are given as numbers in parentheses on the last significant digit). 

one-electron splitting scheme of the d orbitals in a field of Ca, symmetry (the symmetry 
of the coordination polyhedron) (Fig. 3). 

The equatorial M-N distances in fact,‘show an increase for nickel and copper (d* and 
d9), when the d,z_p and dw orbitals, lying in the equatorial plane, are being filled. The 
large increase of the apical M-N distance for zinc (d”) can be accounted for by the 
fiuing of the dz2 orbital, which points towards the nitrogen atom. 

The apical Mn-N distance is shorter than expected, since for a d5 ion, with a spherical 

( 4) dx2+2 
\ 

( al ) 42 “,, d ,,” 
-.. , 

-_-a- ,’ 
/- ’ \:- . dxcy2 6, ( e ) 

( b2) dr, * ,/ \8:- - -- 
d XL? % ( e ) 

C4” Cl” 

Fig. 3. Splitting of the d orbit& in C,, and Cs, tields. 
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distribution of the d electron density, ligand-ligand repulsions should make the apical 
distance slightly longer than the equatorial distances (see below). The observed value of 
2.19(3) A is probably imposed by the geometric constraints of the tripod-like ligand. 
This is supported by the value of the N-N “bite” distance in this complex, which is the 
largest of all the N-N distances in the series r3. 

The M-Br distances behave similarly to the apical M-N distances, except for the 
Ni-Br distance, which is longer than expected. However, in the nickel complex one of 
the bromine contacts with a methyl group is only 3.41 A (sum of Van der Waals radii 
about 3.90 A). SO that steric repulsions prevent a closer approach of the bromine atom, 
In the copper complex, with a shorter M-Br distance this same contact remains at 3.41 A, 
which is made possible by a slight rotation of the methyl groups around the equatorial 
M-N bond. 

(ii) Other factors 

Zemann’s treatment considers the five ligands at equal distances from the central metal 
atom, but ligand-ligand repulsions alone favour axial lengthening both in the trigonal 
bipyramid and in the square pyramid 4. 

Jahn-Teller effects can also cause distortions from the idealized models in five- 
coordinate complexes. It is well known r4 that any non-linear molecule in a degenerate 
electronic state, will distort to remove the degeneracy, providing then some additional 
stabilization energy to the system. Several examples of this type of distortion occur in 
five-coordinate 3d metal complexes and some of them concerning nickel(H) and cobalt(H) 
complexes will be mentioned later. 

Finally two other causes of deviation from regularity are intermolecular forces and 
steric constraints of the ligand molecule in complexes formed with bulky or polydentate 
ligands. 

D. NICKEL(H) COMPLEXES 

(i) General remarks 

The first five-coordinate nickel(I1) complex whose structure was determined by X-ray 
analysis was Ni(tas)Br* r5 in 1960. The coordination polyhedron about the metal atom 
was described as a distorted square pyramid with one bromine atom depressed below the 
basal plane [II]. It was five years later that the second structure of a five-coordinate 

Br 

Br 
II 

Coo& Chem Rev., 6 (1971) 285-308 
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nickel(II) complex was described by X-ray analysis l&l’, so that most of the X-ray work 
in this field has been done in the last five years. 

A short review on five-coordinate nickel(H) complexes with particular emphasis on 
visible spectra has appeared as part of an extensive article on the electronic structure and 
stereoch&nistry of nickel(H) ‘* _ 

M&t of the complexes for which structural data are available, are formed by polydentate 
ligands‘such as polyamines, salicylaldimines, polyarsines and polyphosphines. In the few 
cases where five monodentate ligands are bound to the metal atom, except for the 
Ni(CN)?- ion, bulky ligands have been employed, such as phosphines, (CH3)3As0 or 
Medabco. 

On the basis of their magnetic properties five-coordinate nickel(I1) complexes can be 
low-spin diamagnetic or high-spin with two unpaired electrons. Low-spin complexes are 
formed with low electronegative donor atoms such as C, S, P and As, which are often in- 
volved in strong r-bond formation. The high-spin complexes are formed with highly elec- 
tronegative elements such as N and 0 capable of forming strong o-bonds with the metal. 
However, in some cases it is possible to have low-spin complexes with a set of donor 
atoms typical of the high-spin complexes, if the geometric requirements of the ligand 
molecule are such to bring four coplanar donor atoms close to the central metal atom I9 _ 
In these conditions the field strength may be large enough to promote spin pairing on the 
central metal atom. The coordination polyhedron is completed by a fifth ligand at the 
apex of a square pyramid, forming a long bond with the metal. 

The distinction between low- and high-spin complexes must b’e kept in mind on dis- 
cussing the stereochemistry of five-coordinate nickel(I1) complexes, since stereochemistry 
and spin state of the metal atom are strictly correlated as will be shown later. 

A survey of the available structural data (Table 3) shows that eighteen out of thirty- 
five coordination polyhedra can be described as more or less distorted square pyramids, 
eight as trigonal bipyramids and nine show a geometry intermediate between the two 
limiting models. Furthermore, of the eight complexes showipg a trigonal bipyramidal 
geometry, six are formed by ligands whose trigonal s;rmmetry is certainly an important 
factor for the stereochemistry of the complex. 

The prevalence of square pyramidal stereochemistries for five-coordinate nickel(I1) 
complexes is in agreement with the predictions of C.F.S.E. (Table 2). Although C.F.S.E. 
is only a small portion of the total binding energy of a complex, the energy difference 
between the square pyramidal and the trigonal bipyramidal configuration is small ‘_ 
C.F.S.E. can then provide the extra energy to stabilize the square pyramidal configura- 
tion. In low-spin complexes an additional stabilization factor should be considered, 
namely n-bonding between the metal and the donor atoms. This is more effective in 
square pyramidal arrangements, particularly when delocalized systems of bonds are 
formed ’ . Of course, it would be interesting to see how many square pyramidal stereo- 
chemistries are imposed by the shape of the ligand molecule, but this is not so immediate 
to establish as for trigonal bipyramidal complexes_ However it should be pointed out that 
complexes with five equal monodentate ligands show a square pyramidal 34*43 or an inter- 
mediate 43 structure, and that square pyramidal structures are also formed with tripod 
ligands 31as3 _ 



TABLE 3 

Stereochemistry of five-coordinate nickel(H) complexes 

Tri~onal bipyrarnidal a 6rtermediare * 

Complex Ref Complex Refi 

Square pyramidal a 

Complex Ref. 

High-spin complexes 

[Ni(Mestren)Br] Br 
]Ni2(bdhe)al (C104)2 

Ni(Medabco)Cls l l-&O 

Low-spin complexes 

[ Ni(TAP)CN] Cl04 
(Ni(tda)l] I 
[ Ni(TSP)CI] Cl04 
Ni(P(C6Hs)(Cl-r,)2)3(CN)2 
Ni(Etphos)s(CN)2 

11 
20,21 
22 

Ni(SalMedpt) 23 
Nis(SalenNEt&(catec)a 24 
Ni(mpdo)Brz 25 

[Ni(atsc)zCl] Cl* Hi0 26 
Ni(Me2dpma)Brz 21 

36 
37,38 
39 
40 
41 

Ni(PH(C&)a)& 42 
cNi(CN)g- 43 
Ni(Mephos)s(CN)2 41 
Ni(P(C6Hs)(OC2Hs)2)3(CN)2 44 

Ni(5-C1SalenNEta)2 16,17 
(Ni(dmp)Cls] 2. 2CHCIa 28,29 
[Ni(dacoDA)(IlaO)] l 2A20 30 
Ni(bddoe)(NCS)s 31 

jNi(2,3,2-tet)Cl] Cl 32 
Ni(dmp)(Me2dtp)2 33 

]Ni(OAs(CHs)s)s] (cIo4)2 34 
[NKtpen)] (ClO4)s l McN02: 35 

Ni(tas)Brz 15 
[ Ni(CR)Br] Dr. Hi0 19 
Ni(bda)Brs 45,46 

cNi(CN)$- 43 
]Ni(diars)(triars)] (ClO4)s 47 
Ni(rr-ma)(diphos)Br 48,49 
Ni(DSP)12 50 
NWpa)4 51 
Nis(dtb)e 52 

[Ni(NOP2)1] I 53 

* Rigorously, the terms triangular bipyramid and quadrangular pyramid should be used for most coordination polyhedra, leaving the terms trigonal bi- 
pyramid and square pyramid only for bipyramids with C3u symmetry and pyramids with C4, symmetry respectively. ’ On the basis of the intercon- 
version process described in Fig. l(a) a coordination polyhedron has been defiied intermediate when the L2-M-L3 angle is in the range 130-150’. 
‘The structure of [Cr(en) j] Ni(CN)S l 1.5 Hz0 contains two types of Ni(CN$ ions: one having a stereochemistry intermediate between a trigonal 
bipyramid and a square pyramid and the other with an almost regular square pyramidal stereochemistry. 
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(ii) High-spin species 

Ni(5-C1-SalenNEta)2 was the first high-spin five-coordinate nickel(D) complex whose 
structure was determined by X-ray analysis r6*r7 . The coordination polyhedron about the 
metal atom can be described as a distorted square pyramid with the nickel atom 0.36 A 
above the basal plane (Fig. 4). It should be noted that the basal Ni-N(2) and the apical 
Ni-N( 1) distances are about the same, within their standard deviations. 

Ni-01=193 0 i 

Ni-On= 195 (1) 

Ni-N, = 198 (21 
Ni-N2= 2.00 (2) 

Fig. 4. The stereochemistry of Ni(S-CI-MenNEt& (from Ref. 17). 

Apart from distortions imposed by the steric requirements of the various ligand mol- 
ecules, these stereochemical features appear to be common to all the high-spin square 
pyramidal nickel(H) complexes. Displacements of the nickel atom above the basal plane 
range in fact between 0.3 and 0.4 A and no significant elongation of the apical bond is 
noted in all the complexes (Table 4)_ As it will be seen later, low-spin square pyramidal 
nickel(I1) complexes show a somehwat different stereochemistry. 

A careful study of the intramolecular contacts in Ni(S-Cl-MenNEt& shows that, 
assuming a C-H distance of 1.05 A, a hydrogen atom from a methyl group is found at 
about 2.60 A from the nickel Lam in the proximity of the unused octahedral position. 
The presence of a hydrogen atom occupying the vacant octahedral site, has been pointed 
out in several square pyramidal structures of both low and high spin transition metal 
complexes 30~46~s4-56 _ 

In all these cases the metal-hydrogen distance is about what should be expected on the 
basis of Van der Waals radii. Whether in these complexes the metal atom has to be con- 
sidered truly five-coordinate with steric hindrance in the sixth position or six-coordinate 
with a weak metal-hydrogen interaction, cannot be decided without the aid of other 
evidence, such as spectroscopic techniques. However, the presence of these hydrogen 
atoms contributes undoubtedIy to the stability of several square pyramidal complexes. 
The ability of the dacoDA ligand to form square pyramidal complexes has been attributed 
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TABLE 4 

Some geometrical parameters in square pyramidal nickel(I1) complexes 

295 

Complex M-L Basal dist. a 
(A) 

Apical dist. 
W 

Displacement from 
basal plane 

(A) 

High-spin complexes 

Ni(S-Cl-SalenNEtz)z Ni-N 
[Ni(dmp)Clz ] 2 l 2CHCl3 Ni-N 
[Ni(dacoDA)(H20)] - 2H20 Ni-0(H20) 
Ni(bddae) @KS)2 Ni-N(NCS) 

[Ni(2,3,2-tet)Cl] Cl Ni-Cl 
Ni(dmp)(Me2dtp)2 Ni-N 

[Ni(OAs(CH3)&] (c104)2 Ni-0 
[ Ni(tpen)] (ClO4)2 - MeNO Ni-N 

Low-spin complexes 

Ni(tas)Brz Ni-Br 
[ Ni(CR)Br] Br l Hi0 Ni-Br 
Ni(bda)Brz Ni-Br 
Ni(CN)z- Ni-C 

[Ni(diars)(triars)] (ClO& Ni-As 
Ni(pma) (diphos)Br Ni-Br 
Ni(DSP)Iz Ni-S 
Niz(dtpa)q Ni-Ni 
Nig(dt>)B Ni-S 

[Ni(NOPz)I] I Ni-0 

2.00(2) 
2.07(l) 

1.97(I) 

2.00(l) 
C 

2.10(l) 

2.37 

2.33(l) 
1.85(l) 
2.29 

2.19(l) 

2.219(2) 

1.98(2) 0.36 
2.06(l) 0.39 
2.01 -0.34 
1.95(l) 0.34 
2.33 0.34 
1.99( 1) b 

C -0.30 
2.01(l) 0.32 

2.69 

2.791(4) 
2.70(l) 
2.17(l) 
2.39 
2.671(2) 
2.79(I) 
2.560(S) 
2.774(S) 
2.62(2) 

b 

0.17 
0.16 
0.34 

not reported 
0.34 d 
0.09 
0.13 

not reported 
0.12 

a Distances have been averaged in case of more than one chemically equivalent bond. b Distortions 
preclude defming a plane containing the four basal ligands c The individual Ni-0 distances are not 
reported, but the authors say that they range from 1.95 to 2.02 A and the axial oxygen does not 
seem to be significantly different from the basal four. d The basal plane has been arbitrarily defined 
as passing through the phosphorus atoms and a third point two-thirds the way along from the central 
to the terminal atoms of the n-ally1 l&and. 

in fact to the possibility that one of the &methyIene protons, through the folding of one 
half of the chelated eight-membered ring towards the metal ion, could block the unused 
sixth position. The X-ray structural investigation 30 has confirmed these predictions [III]. 

Coord. Chem Rev., 6 (1971) 285-308 
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Only three structures of high-spin trigonal bipyramidal nickel(H) complexes have been 
so far reported and all are formed by ligands having trigonal symmetry: two by tetraden- 
tate tripod-like ligands 11*20*21 and one by the monodentate ligand ion Medabco “. 

It should be pointed out that nickel(H) in a weak field of CzU symmetry has an elec- 
tronic degenerate ground state 3E. Distortion of the trigonal symmetry should take place 
in order to remove the degeneracy. In agreement with this prediction the coordination 
polyhedron of Ni(Medabco)CIJ= Hz0 shows distortions of this type, the three equatorial 
angles in the bipyrarrid being significantly different from 1 20° 22 . The above considera- 
tions do not apparently hold for [Ni(Me, tren)Br] +, which possesses rigorous Cs crystallo- 
graphic symmetry, t&e three-fold axis passing through the’apical bromine, metal and 
tertiary nitrogen atoms I1 . On the other hand it has been shown 57 that spiu-orbit coupl- 
ing does not remove completely the degeneracy in this case. Also the possibility of a 
dynamical effect seems to be excluded by inspection of the temperature factors of the 
atoms in the coordination polyhedron. Most likely the small gain in energy due to *he 
J&n-Teller distortion would be overriden by the packing energy loss caused by the 
removal of the cubic symmetry of the crystal. 

A few complexes can be described as having an intermediate structure, on the basis of 
the interconversion process between trigonal bipyramid and square pyramid already 
mentioned. Ni(SaIMedpt) provides a good example of this type of stereochemistry =. The 
coordination polyhedron can be described in terms of a highly distorted trigonal bipyramid, 
with O(I), O(2) and N(3) in the equatorial plane and N(1) and N(2) in the axial positions 
(Fig. 5). The N(l)-Ni-N(2) angle is not involved in the interconversion process, presum- 
ably due to the steric constraints of the ligand molecule. The stereochemistry of this 
complex appears in fact largely affected by the geometry of the ligand molecule. 
Ni(SalMedpt) and [Ni(tpen)] (C104)~ - MeNO , which has a square pyramidal structure ZX, 
form the known two cases of pentacoordinated complexes formed by pentadentate 
ligands. 

01 

01 

N3 

Nl 

-N-Q = 

-Ni-& = 

-Ni-02= 

-Ni-N2= 

140.6” 

113.5 

105.9 

l770. 

Fig. 5. The stereochemistry of Ni(SalMedpt) (from Ref. 23). 
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(iii) Lowspin species 3: 

Low-spin fnre-coordinate nickel(II) complexes have also been found to show square 
pyramidal, trigonal bipyramidal and intermediate stereochemistries. 

As anticipated before, the stereochemistry of low-spin square pyramidal nickel(I1) 
complexes is somewhat different from that of the high-spin complexes. An inspection of 
Table 4 shows that (a) the apical nickel-l&and distance is significantly longer than the 
analogous basal distances; (b) the displacement of the nickel atom from the basal plane 
is usually small; (c) the basal nickel-ligand distances are shorter than expected for five- 
coordinate complexes and are comparable with analogous distances of square planar 
nickel(B) complexes. These features appear to be common to other square pyramidal 
diamagnetic d8 complexes 55*56~5~5g. 

Several authors have discussed the elongation of the apical bond in these complexes, 
attributing it to the stereochemical activity of the d electrons 45*46*48-M*5g. In d8 systems 
in strong fields of C4v symmetry the d,z_,,z orbital is empty and the dz2 orbital which 
points at the apical ligsnd, contains two electrons. 

One should therefore expect that the screening effect of the electron pair would cause 
a weakening of the apical bond. This effect is expected to be most pronounced for ionic 
ligands, especially halide ions. In the high-spin complexes, on the contrary, both the 
d,2_,,2 and dzz orbitals contain one electron each, so that the stereochemical activity of 
the d electrons will be greatly reduced. This will then lead to the formation of five strong 
bonds between the metal atom and the ligands. 

Coplanarity of the metal atom with the basal Iigands in low-spin complexes is favoured 
by ligand field stabilization energy and metal-ligand z-bonding which cannot be neg- 
lected in these complexes. Both effects have been briefly discussed in the first part of this 
article. 

The shortening of the basal bonds and the smaller displacements of the nickel atom from 
the basal plane observed in these complexes should be seen as a tendency of the nickel 
atom towards the square planar coordination, which is the preferred coordination for 
diamagnetic d* ions. This would be the limiting configuration when the perturbation of 
the fifth ligand would vanish. 

The structure of Ni(bda)Brz 4sy46 is typical of most low-spin square pyramidal 
nickel(U) complexes [IV] . The apical Ni-Br distance is 0.37 A longer than the basal one 
and the nickel atom is only 0.16 A above the basal plane. The molecule possesses a crys- 
tallographic plane of symmetry passing through the bromine, nitrogen and nickel atoms. 

Ni-Br,=2.698 (7) A 

Ni-E@= 2333 (7) 

Ni-P = 2.172 (5) 

Ni-N = 2006 (30) 

Cooni. Chem. Rev., 6 (1971) 285-308 
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NH&,_= 2.17 (1) 8 

I 
Ni-CbS= 1.86 (1) 

P 

A somewhat different stereochemistry has been found when all the five donor atoms 
are chemically equivalent and capable of forming strong covalent bonds, such as in the 
square pyramidal Ni(CN)z- anion 43 [V] . Again the apical Ni-C distance is about 0.3 A 
longer than the basal ones but the nickel atom is well above the basal plane by 0.34 A. It 
is reasonable to assume that in this structure, with essentially covalent character of the 
bonds, repulsions between bonding electron pairs would predominate over the other 
factors, leading then, according to Gillespie’s arguments, to a square pyramidal arrange- 
ment with the metal atom above the basal plane. 

Structures of regular trigonal bipyramidal low-spin nickel(U) complexes have been 
determined, either possessing rigorous C3 crystallographic symmetry 37938 or only ap- 
proximate three-fold symmetry %. Although the highly stable rhombohedral packing of 
the ions in [Ni(tda)I] I (space group R3) could be in part responsible for the lack of dis- 
tortion of the complex cation, the structure of [Ni(TAq)CN] Cl04 [VI] shows that 

Aq-Ni-As2=119.6’ (2) 

A$-Ni-As3 = 120.3 (2) 

As,-Ni-As,= 118.1 (2) 
P-Ni-C =178.4 (8) 

m 

Jahn-Teller distortions are. inactive in trigonal bipyramidal low-spin nickel@) complexes. 
This is in agreement with the non-degenerate electronic ground state (‘A) of the low-spin 
nickel(II) complexes in fields of C3, symmetry. The slight distortions from trigonal sym- 
metry shown by the other complexes 3gP4441 should therefore be attributed to packing 
effects or non-bonding repulsions. 

Considerations on the stereochemical activity of the d electrons of the metal in these 
complexes predict a contraction of the axial .bond lengths vs. equatorial bond lengths. In 
-fact, using Gillespie’s terminology, for a low-spin d* ion in a field of C3, symmetry, the d 

electron density distribution is an oblate ellipsoid, since the dz2 orbital is empty. Unfor- 

.‘1 .,.’ . . : ., -.;. ‘. 
_. : ._-.- . . . :. _. :- 
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tunately structures of low-spin trigonal bipyramidal nickel(H) complexes with chemically 
equivalent apical and equatorial ligands are not known. However in the Ni(CN)z- ion 
with an intermediate stereochemistry 45 [VII ] , the equatorial Ni-C distances average 

Ni-Cl = 1.99 (1) % Cl-Ni-C2=107J (5) 

N~C*~.91 (I) C2-Ni-C, = 141.2 (5) 

NiG=‘*83 (1) Cd-Ni-Cl =111.5 (5) 

Ni-Ce= 1.90 (11 C5-Ni-C3 = 1728 (5) 

NC%= l.85 (1) 

1.94(l) A whereas the apical distances average 1.84(l) A. The stereochemistry of this ion 
is typical of a group of low-spin nickel(U) complexes whose coordination polyhedron 
appears to be intermediate between the trigonal bipyramid and the square pyramid. As 
in the high-spin complexes with intermediate structure, one of the equatorial angles in 
the trigonal bipyramid is larger than the other two angles, but in these complexes an ad- 
ditional type of distortion is present, namely the lenghtening of the metal-ligand bond 
opposite to the large angle (Table 5). It can be noted that the large? the equatorial angle, 
the longer is the bond opposite to it vs. the two other metal-ligand equatorial bonds. 
The effect is particularly large for ionic ligands. This behaviour is in agreement with the 
increasing square pyramidal character of the coordination polyhedron. 

A further point of interest in trigonal bipymmidal nickel(I1) complexes with tripod 
ligands is the deviation of the metal atom from the equatorial plane of the bipyramid. A 
survey of the available data for both low- and high-spin complexes shows that the direc- 
tion of displacement is mainly controlled by steric considerations 3g _ When six-mem- 
bered chelate rings are formed, the displacement is towards the apical atom of the tripod 
ligand, whereas with five-membered chelate rings the displacement is in the opposite di- 
rection. 

E. COBALT(H) COMPLEXES 

(i) General remarks 

Table 6 reports the structures of five-coordinate cobalt(U) complexes so far deter- 
mined by X-ray analysis. 

Co(ddc)s NO was the first fne-coordinate cobalt(U) complex whose structure was de- 
scribed by X-ray analysis 6g . The coordination around the cobalt atom is square pyrami- 
dal, the metal atom being 0.54 A above the basal plane [VIII]. The bonding of the 
nitrosyl group in this complex has been the subject of several disputes, but unfortunately 

&od. Chem. Rev., 6 (1971) 285-308 
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TABLE 5 

Some geometrical parameters in low-spin nickel(I1) complexes illustrating t&e pmgressive distortion 
from the trigonal bipyramid towards the square pyramid 

Complex Equat. angles M-L Equat. dist. A@la 
(3 0% 

b [ Ni(TAP)CN] CIO, 

Ni(PH(C6Hs)2)3& 

- 

Ni(P(C6Hs) (OGH&MCN)2 

Ni(C!N$ 

e Nip- 

119.6(2) 2.338(6) 
120.3(2) Ni-As 2.317(6) -0.01 
118-l(2) 2.313(S) 

116.7(l) 
127.0(l) 
116.2(l) 

Ni-P 
2.223(3) 
2.261(3) 40.04 
2223(3) 

105(l) 
133(l) 
123(i) 

Ni-I 
2.49(Z) 
2.8q2) 

c 
+0.31 

113.0(2) 
133.5(2) 
113-o(2) 

Ni-P 
2.189(6) 
2.289(S) +0.09 
2.205(6) 

107.7 
140.2 
112.0 

Ni-P 
d 

232 
d 

107.3(5) 
141.2(S) 
111.5(S) 

96.8(5) 1.84(l) 
159.3(S) Ni-C 2.17(l) +0.31 
103.9(5) 1.87(l) 

Ni-C 
1.90(l) 
1.99(l) 
1.91(l) 

+0.09 

a A is the difference between the bond length opposite to the large angle and the average value of the 
other two. b Almost regular trigonal bipyramid. c The ihird bond is Ni-P. d The two other bonds are 
Ni-C. e Almost regular square pyramid. 

only two-dimensional data were used in the analysis owing to the difficulty of finding 
untwinned crystals. 

Five-coordinate cobalt@) complexes can be low-spin with one unpaired electron or 
high-spin with three unpaired electrons. The same considerations about the nature of the 
donor atoms causing low- or high-spin states for nickel(II), also hold true for cobalt@), 
although it has been shown that spin pairing is achieved at higher field strength than for 
nickel(I1) “. 

Although the number of structures available is too small to draw any conclusion, it ap- 
pears that trigonal bipyramidal stereochemistries prevail in high-spin complexes, and. 
square pyramidal ones in the low-spin case. Furthermore, the high-spin complex 
[Co(picox)5] (CIO 4 ) 2 with fnre identical monodentate Iigauds 62 has a trigonal bipyrtii- 



TABLE 6 

Stereochemistry of five-coordinate cobalt(H) complcxcs 

7kigonal bipyramidal a fntermediate a S&are pyramidal a 

Complex Ref. Complex Ref. Complex Ref. , 

High-spin complexes 

Co(Et4dicn)Cl2 60 
[Co(Me&en)Br] Br ’ 10 
Co(bdme)(NCS)z 61 

[Co(picox)Sl (c104)2 62 

Co(MeSdicn)Clz 63,64 

Low-spin complexes 

Co(PH(C&)2)3Br2 42 
[Co(QP)Clj BPh4 68 

WpapW~2 65,66 
[CO(OAS(C~H~)~(CH~))~C~O~~C~~~ 67 

Co(ddc)2N0 69 
b Coz(tfet)d 
‘[Coz(tcbt)4] (WBu4)2 

.70 
71 

[Co(tda)l] I 73 
Coz(Salen)2 74 

a See comments on Table 3. b These two compounds have been considered cobalt(H) complexes although there is no general agreement about the 
oxidation state of the metal in these complexes 72. 
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A0 N’ 

L 
s[p’O~;,- - _____ 

mu 

dal structure, and the low-spin complex [Co(tda)I] I formed by a tripod ligand * has a 
square pyramidal structure. In this connection it is interesting to point out that for high- 
spin square pyramidal cobalt(H) the stabilization due to crystal field energy decreases 
more rapidly than for nickel(II), when the Lap&l-Lb, angle becomes greater r than 
90”. 

/ii) High-spin species 

[Co(OAs(C~Hs)~(CHs)),o1 Cl04 was the first high-spin fNe-coordinate cobalt(U) 
complex described by X-ray analysis 67 . The coordination polyhedron is a regular square 
pyramid with C, crystallographic symmetry [IX] . The cobalt atom, which lies on the 

fourfold axis, is 0.32 A above the basal plane. The C104-group in the apical position 
shows rotational disorder among four equivalent orientations, preserving in this way the 
fourfold symmetry. The basal and apical Co-O distances do not appear significantly 
different. 

The structure of [Co(pico~)~ ] (ClOa), is the single exampIe of a five-coordinate 
cobalt(H) complex with five identical monodentate ligands 62_ The coordination poly- 
hedron is a distorted trigonal bipyramid, one of the equatorial angles being larger than 
the other two [Xl, but the distortions cannot be easily related to packing effects or non- 
bonding repulsions 62. Anyway the distortions are again towards a square pyramidal 
structure. 

The axial Co-O bond lengths are about 0.1 A longer than the equatorial ones, which is 
in agreement with the stereochemical activity of the d electrons (see Fig. 2). 

The remaining high-spin cobaIt(I1) complexes whose structures have been described by 
X-ray methods, are formed by tridentate or tetradentate polyamines. The coordination 
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01-Co-Q= 173.4” (41 

03-co-o&$=11.5.4 (5) 

OJ-Co-Q=l29.8 (8) - 

03-Co-C&113.7 (8) 

around the cobalt atom is completed by halide or thiocyanate ions. Owing to the steric 
constraints and bulkiness of the ligands, all these complexes show very distorted coordi- 
nation polyhedra, except [Co(Me6tren)Br] Br, formed by a symmetrical tripod ligand. 
The structure of this complex was described in the first part of this article. 

The structures of Co(Me, dien)Cl* and Co(Et4dien)C12 provide an interesting ex- 
ample of the effect of non-bonding repulsions on the stereochemistry of five-coordinate 
complexes 60.63*64 _ 

Co(Et4dien)Clz and Co(MeSdien)C12 differ only in the nature of the alkyl substi- 
tuents at the nitrogen atoms of the amine ligand. This means that the differences between 
the geometries of the two coordination polyhedra must be essentially attributed to intra- 
molecular crowding. Although the coordination polyhedron of Co(Et,dien)Cl, can be 
described as a distorted trigonal bipyramid, that of Co(Mes dien)Cl, cannot be easily de- 
scribed in terms of either geometry (Fig. 6). An inspection of the intramolecular contacts 
shows that non-bonding repulsions are greater in Co(Me5 dien)Clz than in 
Co(Et4dien)Clz -. In particular the presence of a short contact between Cl(2) and the 
carbon atom of the central methyl group (3.22 A against - 3.80 A sum of Van der Waals 

Cl,-Co-N2 = 162.1” (4) 173.4” (4) 
NJ-CO-Q = i35.4 (5) 120.4 (4) 
N5-Co-Cl,= 1124 (4) 105.9 (2) 
C&-Co-N, = lOi!7 (41 126.8 (21 

Fig. 6. The coordination polyhedra of Co(MeSdien)Clz (left) and of Co(Ebdien)& (right) (from 
Ref. 64). 

Coord. Chem. Rev., 6 (1971) 285-308 
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radii) appears to be responsible for several distortions in the coordination polyhedron of 
Co(Mesdien)Clz : @a) the decrease of the Cl( I)-CO-N(~) angle from 173.4(4) to 
162-l(4)“, N(2) being pushed away from Cl(2); (b) the increaseof the N(l)-CO-N(~) 
angle from 120.4(4) to 135.4(5)O; (i) the lengthening of the CO-N(~) bond [2.29(l) A 
against the 2.1 l( 1) A (average) of Co-N( 1) and CO-N(~)] . It appears therefore that non- 
bonding repulsions have forced the coordination polyhedron of Co(Me, dien)Cl* in the 
direction of a square pyramidal geometry. _. 

(iii) Lowspin species 

An interesting aspect of Table 6 is the absence of structures of low-spin complexes 
having regular or slightly distorted trigonal bipyramidal stereochemistry, although com- 
plexes formed with tripod ligands have been described by X-ray analysis 6&73 _ This may 
obviously be a consequence of the small number of structures of these complexes so far 
determined by X-ray analysis, but it is also iu keeping with the fact that low-spin d’ sys-‘ 

terns in fields of Csu symmetry have an orbitally degenerate ground state (2E) and are 
therefore subject to Jahn-Teller distortion_ It is expected that in these complexes the 
distortion removing the trigonal symmetry would be particularly large as the odd electron 
is in antibonding levels, where the splitting should be greater than that of non-bonding 
levels 76 _ In agreement with these arguments the complex [Co(QP)Cl] BP& 68, formed 
by a symmetrical tripod ligand, shows one of the equatorial angles much larger than the 
other two, so that its stereochemistry can be described as intermediate between the 
square pyramid and the trigonal bipyramid [XI]. A further point of interest in the struc- 

Co+ =226 (1) A E-Co-Cl =171.2" 
Co-p, =2.32 (1) e-Co-p,=112.7 
Co-Q ~2.27 (1) Ej-Co-e=1376 

Co-%=202 (1) &-co-y =108.7 

Cl 
XI 

e. 

ture of [Co(QP)Cl] BPh, is the exceptionally short apical Co-P bond length of 2.02(l) A. 
Although a small contraction of the apical bond should be expected on the basis of the 
slightly oblate shape of the d electron density distribution ellipsoid, the shortening of this 
bond seems too great to be explained on this basis. The fact that a very short apical Ni-P 
bond of 2.1 l( 1) A is found also in the nickel(H) complex with the similar ligand TSP, 
suggests that the explanation must be found in the rigid geometric requirements of the 
organic l&and. In agreement with this, a Ni-P distance of 2.2 l( 1) A is found in 
[Ni(TAP)CN] Cl04 36, where six-membered chelate rings are formed by the more flex- 
ible TAP ligand. Once again one must be very careful in drawing conclusions from the 
stereochemistry of complexes formed by polydentate ligands. 
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A structure similar to that of [Co(QP)Cl] BPh, is also shown by Co(PH(C6H5)&Brz 42. 
In this complex, moreover, the Co-Br bond opposite to the large equatorial angle is 
longer than the other Co-Br bond [XII]. This effect has been noted also in the analogous 

Co-B?= 254 (1) i 

Co-Br,= 233 (1) 

Br;-Co-B5=12W (21 

I B$-Co-5 = 136.3 (3) 

I? Br;-Co-p,-= 98.1 (3) 

XII 
F$ -co-F=175.9 (4) 

nlckel(I1) complexes with intermediate stereochemistry (Table 5) and attributed to the 
stereochemical activity of the d electrons of the metal, in relation to the increasing square 
pyramidal character of the coordination polyhedron. However, for low-spin cobalt(U), with 
only one electron in the d,2 orbital, the d electron density distribution in a field of C4V 
symmetry is an ellipsoid less prolate than for nlckel(11) and therefore the effect should be 
less pronounced. It is probably evident in this complex owing to the ionic nature of the 
ligand involved. 

The other low-spin cobalt(U) complex formed by a tripod ligand, [Co(tda)I] I, has a 
square pyramidal structure n _ The four basal atoms are coplanar within 0.04 A and the 
metal atom is 0.34 A above the basal plane (Fig. 7). This was the first square pyramidal 
stereochemistry formed by a tripod ligand acting as tetradentate ligand. This structure 
appears even more unusual if we consider that the analogous nickel(II) complex has a 
trigonal bipyramidal stereochemistry with Ca crystallographic symmetry 37,38. Besides 
ligand field stabilization energy, other factors contributing to the stability of the 

Co-N = 212 (1) d 

Co-P, = 223 (1) 

co-l = 258 Cl) 

co-p, = 226 (0 

Co-p, = 228 (1) 

Fig. 7. The stereochemistry of (Co(tda)I] I (from Ref. 73). 

COOKI_ Chem. Rev., 6 (1971) 285-308 
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cobalt(I1) complex can be found by an ‘a posteriori’examination of the structure: interac- 
tions between phenyl groups of the ligand and presence of a hydrogen atom from a ben- 
zene ring blocking the sixth unused position. However, most likely, the primary driving 
force of the unusual structure of this complex is the distortion from the trigonal sym- 
metry due to the Jahn-Teller effect. 

A few other low-spin cobalt(H) complexes have a dimeric structure with sulphur or 
7471s74 oxygen bridges . In these structures the cobalt atom shows a distorted square 

pyramidal coordination with short metal-ligand basal distances and a long apical bond 
with the bridging donor atom. An interesting example of these structures is provided by 
Cos (Salen) 14 [XIII] . In this complex the set of donor atoms is more typical of a high- 

co-o, = 1.88 (1) H 
Co-N, = 1.88 (1) 
Co-N,= 1.88 (1) 
co-0.2 = 1.95 (1) 
Co-@=225 (1) 

- 

than of a low-spin complex. However, as already pointed out for nickel(H), the strict 
geometric requirements of the ligand molecule lead to the formation of four short 

-metal-ligand basal bonds. The dimers possess a center of symmetry half-way between 
the cobalt atoms. 
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