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A. INTRODUCTION

Many reviews on pentacoordination, e.g. Ibers (1965)!, Muetterties and Schunn (1966),
Blake et al. (1967)3, Sacconi (1968)* and Chadwick et al. (1968)%, are already available.
Some more recent reviews by Orioli® and Sacconi et al.” have been published in this jour-
nal. This paper does not intend to duplicate the material covered in these reviews. It will,
we hope, shed new light and present other aspects of pentacoordination with particular
reference to those complexes with intermediate geometries. We shall advance reasons why
these geometries are sometimes preferred to those which are more regular.

One of the most important requirements for the formation of a pentacoordinate tran-
sition metal complex is that the size and disposition of the coordinating ligands are such
that only five donor atoms are allowed to approach the central metal ion closely. It has
been shown that the stereochemical arrangement of these donor atoms may be based up-
on a trigonal bipyramid or a square pyramid; pentagonal planar or pentagonal pyramidal
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arrangements have been considered to be unlikely on steric grounds®.

Sometimes a difficulty arises in the definition of the stereochemistry of a complex
based upon a square pyramid. In solution there is the likelihood that a solvent molecule
will bond to the metal ion in the sixth coordination site. In the solid state an atom, some-
times a hydrogen atom®-1°, of a nearby chelate might be found in this sixth site but at a
greater distance from the metal ion than the other donor atoms; these “quasi-octahedral™
(5 + 1) arrangements include many copper(I) complexes.

In general, however, a more serious difficulty arises in the definition of those stereo-
chemistries which are found to be intermediate between trigonal bipyramidal (D,;) and
square pyramidal (C;,) geometries. These two idealised geometries are rarely found in
practice and compounds with so-called “trigonal bipyramidal® or “square pyramidal™
geometries may often be severely distorted from the idealised forms. A problem associ-
ated with this is that often the geometry of a complex is described as being of one form
when using other criteria it is much closer to the other form. Attempts to overcome this
problem have been made by Zemann'! who proposed in 1963 a simple R factor test,
=1° L LML(theor)—/ LML (exp.)l/ Z1° |LLML(theor.)|, for the ten ligand—metal—ligand
angles. The poor response to this proposal possibly reflects the tendency of researchers
to use a subjective judgment on this matter.

In their review Muetterties and Schunn® drew attention to the striking resemblance of
the two idealised forms when the view down a C, axis of a trigonal bipyramid is compared
with that down the C; axis of a square pyramid (Fig. 1). They also referred to the stereo-
chemical non-rigidity of these forms, pointing out that there may be a very fast or very
slow interconversion rate between the two forms with the interconversion proceeding
through an energy barrier. They pointed out that the difference in energy between the
two idealised geometries is very small for most electronic configurations and that the tri-
gonal bipyramidal geometry might prove to be the most common ground state except in
cases where there may be some ligand stabilisation of the square pyramidal geometry.

As many complexes have been observed by X-ray diffraction methods to possess geom-
etries intermediate between the two idealised forms it is proposed, in the light of some
simple energy calculations described in Sect. C, that these intermediate geometries need
to be considered when predicting the geometry which five dcaor atoms adopt when coor-
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Fig. 1. The striking resemblance between the square pyramid and the trigonal bipyramid.
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dinating to a metal atom.

B. THE CHOICE OF PENTACOORDINATE GEOMETRY

(i) Factors governing the choice

There have been various attempts to account for the square pyramidal and trigonal bi-
pyramidal geometries. One early attempt predicted that square pyramidal coordination
would be favoured by dsp® hybridisation and that trigonal bipyramidal coordination
would be favoured by sp®d hybridisation!?.

The problem of the relative stability of the different forms has been treated by Zemann
for five similar ligands equidistant from the metal ion**. On the basis of charge repulsion
Zemann demonstrated that the trigonal bipyramid is more stable than the square pyramid.
This treatment succeeded in showing that a square pyramidal configuration was likely to
be distorted, with the metal ion displaced from the basal plane and towards the apical
atom of the square pyramid. Such a distortion (leading to apical-to-basal bond angles of
104.1° and basal-to-basal bond angles of 86.6° and 151.9°) was found to be much more
stable than a regular square pyramid, assuming a weak ligand field, and only slightly less
stable than a trigonal bipyramid!®.

These findings of Zemann were in general agreement with those of Sidgwick and
Powell. These latter workers predicted on the basis of their electron pair repulsion theory
that a trigonal bipyramidal configuration would be the more stable geometry for non-
transition metal complexes®>.

Gillespie and Nyholm'* extended the valence-shell electron-pair repulsion theory to
include transition metal complexes by consideration of the interaction between bonding
electron-pairs and the non-bonding d-electrons of the metal atom. Five covalent complexes
with d°,d*?, and d° (spin-free) configurations should have trigonal bipyramidal geometry
because a spherically symmetric d-shell has no effect on the arrangement of the valence-
shell electron-pairs. Ligand field calculations'®, treating the ligands as point negative
charges, show that in every case from d' to d® the energy of the d-electrons is less for the
square pyramidal than for the trigonal bipyramidal configuration. However, it is known
that the interactions between the bonding electron-pairs themselves favour the trigonal
bipyramidal arrangement, so that when the interactions between the bonding electron
pairs are more important than their interactions with the non-bonding d-electrons, as is
probably the case in complexes of high “‘covalent™ character, trigonal bipyramidal geom-
etry is favoured. If the predominant interaction is that between the bonding electron pairs
and the non-bonding d-electrons, which is probably the situation in complexes of essen-
tially “ionic” bonding, then a square pyramidal complex is to be expected. When all the
interactions are comparable, structures of intermediate geometry might be expected. In-
teractions between bonding electron-pairs and the d-shell are likely to be weak when the
number of d-electrons is small, i.e. for &', d?, and possibly 4> configurations. It has been
reported by Ciampolini*® that when the apical-to-basal bond angle, ZLML, increases from
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100 to 105° the difference in CFSE between the two geometries is substantially reduced,
so much so that the trigonal bipyramidal geometry is more stable for high-spin 4%, d° and
low-spin d® configurations.

A recent attempt by Furlani'” to rationalise the electronic spectra of pentacoordinate
complexes with ligand field theory has been made. In this treatment the effect of 7-bond-
ing is thoroughly discussed; 7-bonding tends to stabilise the regular square pyramidal ge-
ometry, with an apical-to-basal bond angle of 90°, because all ligands can then take part
in w-bonding with full efficiency. This stabilisation is most obvious when interligand 7 con-
jugation is possible. It is interesting to note that this appears to contradict the generalisa-
tion of Gillespie cited above, as 7-bonding ligands might be considered to produce bonds
more covalent in nature than those produced by ligands without this capacity for accept-
ing or donating n-bonding electrons. It is for this reason that Furlani has stated that coor-
dination forces which are “mainly electrostatic or o-covalent” in nature will tend to stabi-
lise the trigonal bipyramidal geometry.

A very important factor affecting the arrangement of donor atoms in a pentacoordinate
complex is that of chelate conformation. Lions, in reporting the design'® of quinqueden-
tate chelates, gives some examples of chelates whose conformations might be expected to
enforce square pyramidal or trigonal bipyramidal geometries. Allied to this factor is that
of steric influence between different ligands or different parts of the same chelate.

In summarising the factors controlling the stereochemistry of pentacoordinate com-
plexes, it is postulated that n-bonding and the CFSE will stabilise the “regular’ square py-
ramidal geometry. If the ligand—ligand repulsion or chelate strain forces are sufficiently
great, the basal bonds may be depressed to give a *“distorted” square pyramidal, a trigonal
bipyramidal or an intermediate type of geometry. In these geometries four basal bonds,
two basal bonds and one basal bond respectively are depressed away from the apical atom
of the regular square pyramid (Fig. 2).

If the stereochemistry of the metal stom in the intermediate geometries is viewed as
that based on the trigonal bipyramidal arrangement then the atoms &, 8 and § defined in
Fig. 2 constitute the trigonal plane with the atoms 7y and € in the axial positions. Alterna-
tively, if the stereochemistry is described as square pyramidal, it is often difficult to de-
fine a basal plane because one of the atoms, 8, is considerably depressed from the plane
in the direction away from the apical atom, «. Table 1 lists many compounds which can
be considered as intermediate complexes of this type.

Which of the above geometries is favoured depends markedly upon the fine balance of
forces provided by the CFSE (and hence the type and oxidation state of the metal atom),
the nature of the metal-to-ligand bond (covalent versus ionic bonding; 7-bonding) and the
various inter- and intraligand steric strains and repulsions. Indeed, the energy differences
are so small that on some occasions the geometry is determined by crystal packing forces.

(ii) Examples illustrating the governing factors

{a) Crystal packing forces
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(a)

()

? F

Fig. 2. The distortions required to obtain the distorted square pyramidal geometry (a); the trigonal bi-
pyramidal geometry (b), and the intermediate geometry (c) from a regular square pyramid.

Two examples of a geometry determined by crystal packing forces are provivided by
[Cr(en)s] [Ni(CN)s]. 13H,O (ref. 40) and tetrakis(NV-methylsalicylaldiminato)-dinickel(II),
[Niy(H-Sal—-NMe),] (ref. 59). In the former compound two stereochemical forms of pen-
tacoordinate nickel(1I) are found. In one form the nickel has a square pyramidal stereo-
chemistry with apical-to-basal bond angles of 97 to 104°, I; this form is apparently stabi-
lised by w-conjugation among the basal ligands. The second form has an intermediate ste-
reochemistry, IT (No. 23 in Table 1), which is a most surprising observation for five simi-
lar monodentate ligands; it is assumed that the weak hydrogen bonding in the crystal
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causes a sterochemical conversion from the square pyramidal form to another stable (or
metastable) geometry®® The second compound has been crystallised in three modifica-
tions. The « and B forms are diamagnetic, monomeric and frans square planar complexes.
These dissolve in the crystal lattice of the analogous zinc complex and in so doing mimic
its trigonal bipyramidal structure, III, and become paramagnetic binuclear compounds®®
This demonstrates that the host lattice can provide enough energy to cause the guest com-

plex to convert from the stereochemistry in which it normally crystallises to that of the
host®0,

{b} The metal ion and CFSE

The influence of the metal ion on the geometry can be seen in complexes containing
diethyldithiocarbamate chelates. It is found that the nickel(II) complex IV has a square
planar stereochemistry®’, the copper(Il) complex V has distorted square pyramidal stereo-
chemistry®? and the zinc(II) complex VI (No. 28 in Table 1) has an intermediate-type ste-
reochemistry?®; it should be noted here that the cadmium(II) complex VII (No. 18 in
Table 1) has an intermediate geometry>® very similar to that of the zinc(II) complex.

The cation of the diamagnetic compound [Ni(tda)l}i, where tda is the tris(2-diphenyl-
phosphinoethyl)amine chelate, is found to be a regular trigonal bipyramid, VIII®> where-
as that of [Co(tda)I]I is found to be a square pyramid, IX®%. This is in agreement with
the calculated values of the CFSE; the square pyramidal C;,, symmetry is found to be 7.4%
more stable for cobalt(II) and 2.7% less stable for nickel(Il) than the trigonal bipyramidal
D3y, symmetry'®. It is interesting to note that solutions of [Co(tda)I]I appear to equili-
brate between the low-spin square pyramidal and high-spin trigonal bipyramidal stereo-
chemistries with the proportion of the latter increasing with increasing temperatures. This
observation suggests that the interconversion energy is very small and that the ground-
state geometry for the [Co(tda)I]* cation is low-spin square pyramidal®®.

(¢} Interligand repulsion

The influence of interligand repulsion on the stereochemistry of a complex is apparent
in the following examples. The complex cation of the low-spin compound
[Ni(P(CHg_CHz CH; AsMe;)3)Z]CIO; has a trigonal bipyramidal geometry X when Z is a
cyanide ion. However, the complex ion with Z a bromide ion is not isostructural with that
of the cyanide; it has been reported as a distorted square pyramid®®, The larger radius of
the bromide ion seems to cause a greater repulsion between Z and the methy! groups of
the tripod chelate, forcing the cation to adopt another geometry. Also, the different n-
bonding characteristics of the Br™ and CN~ ligands must undoubtedly have a significant
effect.

For the complexes [(pyridine-N-oxide),CuZ,],, where Z is chloride or bromide, the
difference in size between a chloride and a bromide ion is apparently enough to affect not
only the stereochemistry of the metal ion but also the relative positioning of the ligands. In
the chloride complex the copper atom is surrounded by two terminal chlorine and two
bridging oxygen atoms forming the base, and one oxygen atom forming the apex of a



376

112° 122°
Y

126%/
P 1772 CN

Xt

P

2294
116°
2

NC 111° P
N1 234&
133"
~~—176" CN
223X

)
Xy

B8r
269X

e \As

As <
o
226 A L 2264
NI

/654.&37 3
Br

As 2274 175

Xvil

Ct

&

Ct

N /——‘- \N
105 12*
N1
N

Xix

B.F. HOSKINS, F.D. WHILLANS

P
2

23
o8* 101" P
N1~

o
Meg™D

187 &
P~24g% 161"
CN

Xiv

Ct

Structures: XIH, [Ni(Etphos)3(CN);]; Ni —CN = 1.82 — 1.85 A; Ni — P =2.24 — 2.27 A. XIV,
[Ni(Mephos)3(CN),}.! /3H,0; Ni —CN = 1.85 — 1.87 A;Ni—P=2.18 — 2,32 A. XV,
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XVII, [Ni(triarsine)Brs}. XVIII, [Co(terpyridine)Cl;}. XIX, [Ni(terpyridine)Ci,].
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square pyramidal arrangement, XI. On the other hand, the bromide complex XII (No. 30
in Table 1) has an intermediate-type structure where one terminal and two bridging oxy-
gen atoms are coplanar with the copper atom; one bromide atom is in an apical position
and the other is depressed 1.68 A below the basal plane*”.

The different geometries of the [Ni(Mephos)3;(CN),] and [Ni(Etphos)3;(CN), ] com-
pounds provide an interesting illustration of the effect of using different ligands. While a
distorted trigonal bipyramidal geometry is observed for the Etphos compound XIII (No.
42 in Table 1), two different forms of the Mephos compound, an intermediate geometry
XIV (No. 25 in Table 1) and a distorted trigon'al bipyramidal geometry XV (No. 34 in
Table 1) can be isolated*2. Crystal packing forces also appear to affect the choice of geom-
etry in the Mephos compound as the resulting geometry is dependent upon the method of
recrystallisation; these two forms, XIV and XV, are believed to contain water and metha-
nol molecules, respectively, residing in lattice holes as molecules7of crystallisation?2. These
observations suggest that for low spin @® configurations the difference in CFSE between
the trigonal bipyramidal and the intermediate geometries is less than the difference in the
ligand-to-ligand repulsion energies and any difference in lattice energies. It is very interest-
ing to note here that it is the less bulky ligand which produces the intermediate geometry.

The effect of polydentate chelate conformation on the positioning of monodentate
ligands is demonstrated in complexes containing the terdentate chelate of
Me;As(CH;)3AsMe(CH;)sAsMe,, triarsine. The [Pd(triarsine)Br]" cation XVI is observed?®
to have a distorted square planar geometry with the Pd—Br bond depressed out of the
square plane by an angle of about 10°. As no atom resides in the apical position normal to
the square plane this distortion is seemingly caused by the steric influence between the ter-
minal methyl groups of triarsine and the bromide ion. In the [Ni(triarsine)Br;} complex
XVII (No. 8 in Table 1), which has a bromide ion at the apex, the basal bromide ion is de-
pressed about 20° out of the basal plane. This effect is consistent with an increase in the

steric repulsion resulting from the decreased metal-to-ligand distance?S.

(d) Electronic distortion

Polydentate chelates may also be used to demonstrate the effect of electronic factors
on the observed stereochemistry. An example of this is provided by two [M(2, 2, 2"-
terpyridine)Cl, ] compounds, XVIII and XIX. These compounds have intermediate-type
geometries with the two chlorine atoms occupying two sites in the triangular plane of the
grossly distorted trigonal bipyramid or, when viewed as a distorted square pyramid, ac-
cupying the apical and depressed ligand sites. The angles of the triangular plane appear to
be dependent upon interactions between bonding and non-bonding electrons as the
LCIMCY', LCIMN and ZC1I'MN bond angles of 111°, 150° and 99° respectively in the d”
Col! complex XVIII (No. 12 Table 1)2° are quite different from those of 112°, 143° and
105° respectively in the d*® Zn!l complex XIX (No. 20 in Table 1)37.

As a further example, the high-spin complex cations of the series of compounds
[M(N(CH;CH;NMe:)3)Br]Br have trigonal bipyramidal geometries. Although the bond
angles are very similar there are some marked differences in bond distances. For example,
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the axial M—Br bond length has been observed as 2.431 A for the d” Coll complex XX®7,
2.467(2) A for the d® Nill complex XXI6® and 2.393(3) A for the 4? Cull complex
XXII%%; see Orioli®. On the other hand, the low-spin [Co(QP)CI]* ion*°, where QP is tris-
(o-diphenylphosphinophenyl)phosphine, has an intermediate-type geometry XXIII (No.
32 in Table 1); the three terminal phosphine groups occupy the coordination sites of the
grossly distorted trigonal plane with LPCoP angles of 134°, 113° and 109°.

The distorted trigonal bipyramidal complexes of [Ni(HPPh,);I,}, XXIV (No. 36 in
Table 1), and [Co(HPPh,);Br,], XXV (No. 29 in Table 1) crystallise with the two halo-
gen ligands occupying two of the three equatorial sites*®:%%, It is interesting to observe
that, while the halogen—metal—halogen angle in these compounds is in the range of
123—126°, the other two angles in each of the trigonal planes are substantially different
(98—105° compared with 133—136°). This considerable distortion might be attributed to
the asymmetry of the phosphine ligands and partly to the asymmetry of the non-bonding
d electrons.

Complexes of particular interest are those d' to d° complexes containing five identical
ligands as these are most likely to provide experimental evidence for electronic distortions.
Structures of crystals containing the ions [Mn(CO)s]~ (ref. 70), [Fe(CO)s} (ref. 71),
[COl(CNCH,)s I* (ref. 55), [Co(picox)s]? (ref. 53), [Ni(CN)s]3~(ref. 40), [Ni(OAsMes)s |**
(zef. 72), [N(P(OCHCH, )3)s]%* (ref. 73), [P(SnCl;)s ]3>~ (ref. 74) and [CuCls]>~ (ref.
75) have been reported. Two of these complexes do not have a trigonal bipyramidal geom-
etry. These are the high-spin [Ni(QAsMe3)s]?* ion, a distorted square pyramid XXVI, and
the low-spin [Ni(CN)s]>~ ion, the geometry of which has been described previously (I
and II). Crystals containing the [Cu(NO,)s]3" ion have been subjected to a preliminary
X-ray investigation7®.

The [Co!'(CNCH;)s]* cation is observed to have significantly different angles (128.3°,
115.9° and 115.9°) in the trigonal plane of its trigonal bipyramidal geometry XXVII (No.
40 in Table 1)5%; the [Coli(picox)s]*" cation has a very similar geometry XXVIII (No. 38
in Table 1)°3 with angles of 129.8°, 115.4° and 113.7°. This type of distortion has also
been reported for the d' [Ti(NMe3), Brs}, XXIX (No. 45 in Table 1)°%, and @>
[Cx(NMe;),Cl3], XXX (No. 44 in Table 1)°® complexes; a comparison of the angles in
the trigonal planes of these trans trigonal bipyramidal complexes (117.5°, 2 X 121.2° and
111.6°, 2 X 124.2° respectively) clearly shows that the effect is probably due to an inter-
action between the bonding electron pairs and the non-bonding d electrons.

C. SOME ELECTROSTATIC CALCULATIONS ON AN INTERMEDIATE GEOMETRY??

Because the intermediate geometries appear to possess energies similar to those of the
trigonal bipyramidal and distorted square pyramidal geometries (see Sect. B(#)) some
simple calculations have been made and these are reported in this section. The chosen geo-
metrical model, illustrated in Fig. 3, seemed particularly suitable in simulating the inter-
mediate geometry observed in many of the complexes listed in Table 1.
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Fig. 3. The model used for the electrostatic calculations.

Some restrictions were placed upon the model. First, all five ligands were assumed to
have an equivalent point charge and to lie at the same distance from the central metal
atom, M. Secondly, the set of atoms in the grossly distorted trigonal plane, «, 3,8 and M,
were assumed to be always coplanar and, likewise, coplanarity was assumed for the atoms
a, 7, € and M. Finally, the angles between the apical ligand of the sauare pyramidal de-
scription, ¢, and the axial ligands of the trigonal bipyramidal description, ¥ and €, were
assumed to be equivalent.

The potential energy due to the interligand electrostatic repulsicn was calculated from
the expression

where x; is one of the en ligand—ligand distances”. The minimum value of this potential
energy is reported in Fig. 4 for various combinations of 6 and ¢ (defined in Fig. 3) and
the value of y at this minimum is also reported.

As can be seen from Fig. 4, curve A has a minimum potential energy of 6.475 units
when the geometry is that of a regular trigonal bipyramid (8 = 90°; ¢ = x = 120°) and
curve C has a minimum of 6.484 energy units when the geometry is that of a distorted
square pyramid with all the apical-to-basal bond angles equal to 104.08°. As the repulsion
between the ligands in a regular square pyramid was calculated to have a relative potential
energy of 6.657 units, the findings of Zemann'! (see p. 368) have been verified. Further-
more, the minimum potential energy of 6.479 units for curve B show that, while the in-
termediate geometry has slightly more interligand repulsion than a regular trigonal bipy-
ramid, it can have less interligand repulsion than a distorted square pyramid.

It appears that, in cases where interligand repulsion or steric hindrance prevent the adop-
tion of a trigonal bipyramidal geometry and where these two factors dominate over those

* Relative to a metal—ligand distance of unity.



382 B.F. HOSKINS, F.D. WHILLANS

{a}

6.55
A
B
C
A =3
U $80 \ < / g / /
\ 6 ass
5.479 \
8475 /// 5 DSP
\TBP
5]
545
80° as” [=Te 3 o5 100° 105° 110° 115°
(=]
(o)
140° \
130° \\\\
N
120°
g
8P EN
A \
X 107 N\,
\ \ DSP
OB OB = = v e e e e e e e o B \..\:\_i‘
i
1007 N §\\
'
!\%
1
. t \
90 : <
]
i
H
807 10408°
80° 85° 90° g5° 100° 108° 110°
)
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(a2) (b) (c)

Fig. 5. The geometry of the complex with minimal interligand repulsion when the angles of the com-
plex are related by ¢ = ¢ + 7.5° (U= 6.482 units) (a); =8 + 15° (U = 6.479 units) (b), and ¢ =
6 + 22.5° (U= 6.476 units).

factors which generally favour the formation of square pyramidal complexes (namely -
bonding and CFSE), the geometry of the complex is likely to be intermediate between the
two idealised forms. In addition, the ligand—metal—ligand angles in a complex are likely
to be such that the potential energy lies as close as possible to curve D in Fig. 4. Some
five-coordinate geometries with their potential energies lying on curve D are illustrated in
Fig. 5.

D. RATIONALISATION OF CALCULATIONS WITH OBSERVED STRUCTURES

In this section an attempt is made to rationalise the observed geometries of several pen-
tacoordinate complexes in terms of the simple energy calculations described in Sect. C.

Those complexes with an intermediate geometry similar to the calculated model illus-
trated in Fig. 5(a) are Nos. 14 and 19—25 in Table 1. The observed geometries of these
complexes lend substantial support to the conclusions advanced in Sect. C, as the three
complexes with only monodentate ligands, Nos, 23—25 in Table 1, have geometries very
similar to the calculated model (Fig. 5(a)); two of these complexes are worth discussing in
more detail.

It is interesting to note that, while the bond angles in the distorted triangular plane of
the intermediate-type pentacyanonickelate(II) complex II (No. 23 in Table 1) are almost
the same as those of the calculated model, the observed axial—axial bond angle of 173° is
significantly greater than that of 160° for the calculated model (Fig. 5(a)). As the axial
Ni—CN bond distances of 1.83 and 1.85 A are significantly shorter than the other three
Ni—CN bond distances from 1.90 to 1.99 A, it might be expected that the indicated 7-con-
jugation involving these two axial ligands would cause the axial--axial bond angle to ap-
proach 180°.

The geometry in the low-spin, intermediate-type dicyanotris(5-methyl-5H-dibenzophos-
phole)nickel(II) molecule XIV (No. 25 in Table 1) is almost identical with that of the cal-
culated model illustrated in Fig. 5(a). The two Ni—P bond distances of 2.18 A in the dis-
torted square plane of this complex are substantially shorter than the Ni—P distances of
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2.22-2.29 A observed in its grossly distorted trigonal bipyramidal allogen XV (No. 34 in
Table 1) and its Etphos analogue XIII (No. 42 in Table 1). It seems that the smaller inter-
ligand repulsion between the less bulky Mephos ligands permits the Mephos ligand to ap-
proach the nickel atom a little more closely (compare XIII with XV) than the Etphos li-
gand. This increased bond strength appears to overshadow the effect of CFSE which would
have tended to stabilise the trigonal bipyramidal geometry'®. The other Ni—P bond dis-
tance of 2.32 A in complex XIV is consistent with other low-spin square pyramidal d®
complexes; differences between basal and apical bond distances in low-spin d® square py-
ramidal complexes have been observed as 0.1 A for Ni—As bonds’®, 0.3 A for Ni—-CN
bonds?*®, 0.4 A for Ni—Br bonds'®, and 0.6 A for Ni—S bonds?’.

Complexes 30—34 and 35 in Table 1 have an intermediate geometry similar to the cal-
culated mode! illustrated in Fig. S(b). The quadridentate chelate chlorotris(o-diphenylphos-
phinophenyl)phosphinecobalt(II) tetraphenylborate XXIII (No. 32 in Table 1) might
have been expected to force a trigonal bipyramidal environment about the cobalt(II) atom.
The grossly distorted trigonal piane of the intermediate geometry about the cobalt atom,
with /PCoP angles of 134°, 113° and 109°, can be explained as a compromise between
the preference of a high-spin d” complex for adopting a square pyramidal geometry in
order to achieve a greater CFSE'® and the preference of the quadridentate chelate for en-
forcing a trigonal bipyramidal geometry (due to the sp® hybridisation of the central phos-
phorus atom and the intraligand repulsion between its.diphenylphosphino moieties). One
can discount the possibility that the symmetrical tetraphenylborate ion influences the
geometry of the complex.

There is a remarkable similarity between one of the forms of [Ni(Mephos)3;(CN), |,
XV (No. 34 in Table 1) and the five-coordinate, low-spin Nilll species in
[NiWPPhMCz)zBI3] .'% [Nin(PPhM32)BI‘2] . C6H6a XXX1 (NO. 33 in Table l). In each
case the three like ligands occupy the three sites of the grossly distorted trigonal plane;
not only are the three angles in this plane identical to those in the calculated model illus-
trated in Fig. 5(b) but also the three nickel-to-ligand distances of this plane in each of the
two complexes show a distinct similarity. The observed lengthening of the nickel—apical
donor atom bonds can be explained in terms of repulsion from the d,, electrons; this is
strongly supported by the observation that this bond lengthening of 0.06 A in the Mephos
complex, an Nill complex with a presumed configuration of 43, di, d;,, d%, is approxi-
mately twice as great as that of 0.03 A observed in the dimethylphenylphosphine complex,
a complex with a presumed configuration of dj,, dz,, d>;, d;.. The observed axial—axial
bond angle of 176° and 179° respectively in these two complexes is substantially greater
than that of 170° for the calculated model (Fig. 5(b)) and might be explained in terms of
some 7m-bonding between the metal atom and the axial ligands.

Three complexes, Nos. 40, 42 and 43 in Table 1, possess a geometry similar to that of
the calculated model in Fig. 5(c). This geometry, often called triangular bipyramidal, is
found when some factor has prevented the formation of a regular trigonal bipyramidal
geometry. The distortion in the complex [Ni(Etphos);(CN).], XIII (No. 42), is due, at
least in part, to the asymmetrical nature of the phosphine ligands; that in the complex



GEOMETRY OF PENTACOORDINATE COMPLEXES 385

ion [Cu(bipyridine), 1%, XXXII (No. 43), with angles in the trigonal plane of 124°, 114°
122°, is mainly due to the larger size and greater repulsive power of the iodine ligand; that
observed in the complex [Col(CNMe)s ]* ion, XXVII (No. 40), seems to ke due to some
electronic factor, probably a Jahn—Teller effect.

In each of these cases the slight increase in interligand repulsion is more than off-set by
the energy gain achieved when a distortion from the regular trigonal bipyramidal geometry
can occur.

Structures: XXXI, [Ni(PPhMe ), Bra]; Ni— P = 2.26 — 2,27 A. XXXII, {Cu(bipyridine); [}% XXXII,
[Ni(tepen)] 2

E. CONCLUDING REMARKS

It follows from the preceding sections that when the geometry of a five-coordinate com-
plex is under investigation due consideration must be given to the possibility of its posses-
sing a geometry intermediate between the trigonal bipyramidal and square pyramidal forms.
This is especially true when spectroscopic data appear to be in conflict. It is appropriate
here to consider [M(tepen)]?* complexes, where tepen is N, V,N'-tris[2-(2"-pyridyl)ethyl]-
ethane-1,2-diamine. The high-spin complex, [Ni(tepen)}(ClO;),.CH3NO,, has been ob-
served to have a distorted square pyramidal geometry XXXIII®® about the nickel atom
with apical-to-basal bond angles ranging from 95 to 102°. It is considered that an interme-
diate geometry is possible for [M(tepen)]?* complexes in which the CFSE does not favour
a Cy, symmetry relative to a Dy symmetry as much as it does for high-spin nickel com-
plexes and in which the presence of metal ions smaller than Nill effects a larger intra-
chelate repulsion. The copper (II) complex, which fits both these requirements, is interesting
as its ESR spectrum suggests a square pyramidal geometry while its absorption spectrum
suggests a trigonal bipyramidal geometry®*.

Dawson et al.2? have reported an unusual feature in the electronic spectra of several
five-coordinate complexes when the temperature is lowered from 295 to 100 K. These
complexes, [Ni(CN).(PhPR,);] where R is Me or OEt and [MXL]* where M is Nill, pait
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or Ptl!, X is a unidentate anion and L is a quadridentate phosphine or arsine tripod, have
spectra in which the lowest frequency band is usually asymmetric and may even be split
into a double peak at room temperature. The tendency for this band, identified as the
1A}~ 'E’ transition [(dyz, dy2)* (dyy. dx2—32)? > (dez, 4,2)% (dyy, di2 —32)%(dz2)' ], to
become more symumetrical at lower temperatures suggests that the geometries of these com-
plexes distort from the trigonal bipyramidal form (with D55 symmetry) and become more
intermediate in type (with Cs,, G, or C; symmetry) as the temperature is increased.
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