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Z-2-nitrosophenoxide
tris{o-diphenylphosphinophenyi)phosphine (L XVIII}

tris{ 3-diphenylphosphinoethyi)phosphine

quinoline

0.0 diatkyldithiophosphate

diaryldithioplhiosphinate, dialkyIdithiophosphinate
alkyl-imidazole, benzimidazote
N—:l.'lkyi—N—{Z-diphcnylphosphinoethy!)-Nr,r\"'-dimcthylcrhylencdiamine {XLV, XLV
10-atkvi-1 0-phenoxaphosphine
bisi2-diphenylphosphincethyDalkylamine {XXXXIV)
dithioacetylacetonate { XXV}

N V' ethylenebistsalicylideneiminate) (LXXI)
N—aI!-cyl—sulicylidcnciminate (XXVi}

NN -bis{salicylidene}-o-phenylenediamine (CII)
N-(2-dialkylaminophenyi)salicylideneiminate
bis{e-diphenylarsinophenyl)o-methylthiophenylarsine
tris(o-diphenylarsinophenyl}stibine (LX}

tris{ 3-dimethtylarsinopropyi)stibine (LXI}
tris{o-diphenyiphosphinophenyl}stibine {LX}
diphenylic-methylselenophenyl}phosphine
;‘\.’-(3'—diphenylarsinoproFy1)~2—:11e:hylthiobenzylidcneirnine
6-methylpyrid-2-y1-¥-(2 -methylthiophenyl}methylencimine
N-(3'-diphenylphosphinopropyl)-E-methylthiobenzylideneirnine
N-(2-mcthylthiophenyl)-2'-methylthiophenylmethyleneimine
diphenyl{e-methylthiophenyl)phosphine
ethyl{2-diethylphosphinoethy}sulphide
dimethyl{o-dimethylarsinophenyl}stibine
tetrabenzo-15,/7./]-4.8,12,16,20-pentaaza-17,23-dioxa-20-methyl-bicyclo[ 7.7.7] tri-
cosa-4,12-diene (XCVI)

tetrabenzo[b.f.f,n] 4,8,12,16-tetraaza-17,23-dioxa-20-thia-bicyclo[ 7.7.7] tricosa4,
12-diene {(XCVID
l,4,7,10-tetrabenzyl-1,4,7,10-tetranzacyclododecane
tris{3-dimethylarsinopropyl}phosphine {LXI1)

bis(3-dime thylaisinopropylimethylarsine {(XXXV)
thiodiethanol

L.[,1-tris{diphenyiphosphinomethyethane {XXXVI}
tetrakis{diphenylphosphinomethyi}me thane {XXXVIi}
I,2-bis{die thylphosphino)ethane (XIV}

2,2',’2”-terpyridyl (LIV)

NN -bis{3-aminopropyl)piperazine (XCIII}
tri-isobutyl-phosphate

bis{ 3-(2-mercaptobenzylidenciniino)propyli alkylamine (XCIiX}
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tmac trans-2,4,4,10,12,12-hexamethyi-1,5,9,13-tetruazacyclofiexadecane {LXXII)
™P trimethylphosphate

tpen N,N,;V"-tris[2-(2'—pyridy[)cthyl] ethylencdiamine (C}

TPH bis{ 2-diphenylphosphinoethyphenyiphosphine (XXXIII)

pt iris{3-aminopropyhlamine (LXXX)

tren tris{ 2-aminoethy{lamine {LXXVII)

TSP tris(e-methylthiophenyi}phosphine

TSeP tris{(o-methyiselenophenyllphosphine

ttas bis{o-dimethylarsinophenyl}methylarsine {XX1)

TTP 1,4,8,11-tetrathiacyclotetrudecanc (LXXVI}

tu thiourea

VPP cis-1,2-bis{diphenylphosphinolethylene {XVI}

Z-SAL-DAES  bis{2-Z-salicylideneimino)ethyf| sulphide {XCV}

Z-SALen N,N'-e1hyicncbis(2-5alicylidencimina:e) {LXXI11)
Z-5ALen-NR, .-V—(2’—;\",;V’-di::.'|kylaminocIhyI)-Z-saIicylidcnciminulc {XNXIX)
Z-5AL-NR AN-alkyl-Z-salicylideneiminate

Z-SAL-R-DPT  bis] 3-(Z-salicylideneimino}propy!] alkylamine (XCVIII}

A. INTRODUCTION

Both the experimental and theoretical aspects of five-coordinate complexes of iron(il),
cobalt(I1} and nickel(Hl) have undergone rapid development in recent years and some hun-
dreds of contributions have been published in this field. Some review articles have sought
to organize and rationalize the available information, paying most attention to such partic-
ular aspects of this type of coordination as its associated spectroscopic '~**, magnetic®~*
and structurai®®»®7 properties.

The intent of this review is to collect together information on all the five-coordinate
complexes of these metal ions thus far recognized, in order to ascertain the range (in terms
of variety of metals and ligands) in which this type of coordination exists and to character-
ize the conditions and factors which determine whether a given ligand produces a {ive-co-
ordinate complex. Particular attention will be paid to the spin-state of the complex, in the
sense that high- and tow.spin complexes have different stabilities, and different ranges of
existence. Also, the spin-state is closely related to the properties of the donor groups and
to the resulting peometry of the complex.

Data from polarized electronic spectra and magnetic anisotropy measurements form the
basts for 2 more detailed discussion of the electronic structure of the complexes in the fi-
nal section.

{i) Geometry of five-coordinate complexes

The highest symmetry that a five-coordinate complex can possess is D, that of a trigo.
nal bipyramid (TBP), A variable parameter in this structure is the ratio of axial to equato-
rial bond Iengths. Next highest is the square pyramid (5P} with symmetry C,; which has
an additional structural parameter, the angie between the axial and equatorial bonds, de-
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Fig.1. Geometrical distortion of five-coordinate complexes: {a) trivonal bipyramid (D), symmetry):
(b) intermediate geometry {Cay symmetry); {c) square pyramid {Cy symmetry).

signated the apical angle®® . Both thearetical and experimental work indicate that a “stan-
dard™ SP has an apical angle of ca. 1007 (vef.5).

Usually the symmetry of this class af compounds is less high. A common distortion
gives rise to a structure®” which is intermediate between the trigonal bipyramidal and that
of &n jdcalized right square pyramid {Fig.1).

This type of distortion will be called geometrical distortion (type 1). in that it is the
bond angles which are principally affected. Coordinative distortion can be distinguished
when one bond becomes longer than usual; in such cases one can apply the concept of
“semicoordination™ (ref.10). Two typical coordinative distortions are shown schematical-
ty in Fig.2: apical elongation (type 1) and tetrahedral distortion {type IfI).

QObviously the steric characteristics of the ligands and their denticity will have a profound
influence on the resulting stereochemistry. While monodentate ligands can in principle par-

A A
N
. fu*\_‘:—‘:",ﬂz ,B,—a:--‘:}_:_;-,sz
7, B, " gET - gy
(1)

A, A,
B\'I-:-""\'*’-—?‘___ " N ‘-*:-_B
N T ey

2 l J

Az Az

)

Fig 2. Typical coordinatve distortions of five—coordinate complexes: (II} apical elonzation in square
pyramidal complenes; {111} tetrahedral distortion in trigonal bipyramidal complexes.
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ticipate in any geomnetry whatsoever, polydentate ligands are subject to chelate effects. Bi-
dentate and linear open-chain or cyciic tetradentate ligands tend to form SP complexes. Tri-
dentate lipands generally give geometrically distorted complexes (type 1), while tripod-like
tetradentate ligands are by their nature well adapted to farm compiexes of TBP geometry.

(ii} Spin-state of five-coordinate complexes

It is well known that five-coordinate complexes of iron(il}, cobalt(}1} and nickel(l1) can
be high- or >w-spin in both TBP and SP geometties. For clarity, the electronic configura-
tions of each ion in fields of Dy and C,, symmetry are shown in Fig.3.

It is clear that the strength of the ligand field, which determines the magnitude of the
splitting, is important in determining spin-state. However, the nephelauxetic effect of the
donor atoms is much more important since it can reduce the separation between the free
ion terms by as much as 50%. As a result of this, the crossover point between high- and
fow-spin ground terms may occur at relatively small values of 100q. The nephelauxetic re-
duction is a function of the electronic delocalization on the ligand and the covalency of the
metal—ligand bond, both properties related to the softness and 7-bonding ability of the do-
nor atoms. Thus, high-spin compiexes are generally formed with hard donors (N, O, Ci, etc.)
and low-spin complexes are formed with soft danors (P, As, I, e1c.). A semi-empirical rela-
tionship has been found which relates the spin-state of five coordinate complexes of cobalt

ca:v D'}h
b d,z 42
! ‘\ dzz
\ —— 3
\\‘ ,’!
d,2 vood :
, ;
o — X
iy ’ ~
. e e &
___f’ dlz lﬁ'fZ
dez,dyz
ten  Configuration E;rf::: Configuration r’s’;';‘::"
Fe [ ielt{¥ s, Lt %,
{etlo,) iz} a, i {e"]xfe'}zfa'i} g
PloMaMe) e |
co {fe¥ (b-‘ﬁz(a‘} 2, Y e
{e¥ oo Mo} le-Ple'P(ay) 5,
a el Pla)® s, | Ve ny
[{e}‘ o lled %8, | PPl %

Fig.3. Splitting of 3d orbitals and electronic configurations for Fel! (@®), Co!! 27y and Nilt @) in
five-coordinate complexes with €4y and Dy symmetries.
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(11} and nickel{11} with the “overall nucleophilicity” and *electronegativity”” of the donor
atoms'?.

Geometrical distortion of type I does not apparently influence the spin-state of cobalt
(I11) and nickel(I1) complexes, but distortion involving bond length has a marked influence,
Type 1 dictortions generally favcur the low-spin state, while distortions of type I, which

are common among cobali(Il} coinplexes, favour the high-spin state®,
B, INCIDENCE OF FIVE-COORDINATE [RON(I{}, COBALT(}) AND NICKEL{I} COMPLEXES

In order to point out the range of existence and the factors determining the incidence
of five-coordination, the complexes will be divided according to the denticity of the ligand
and the spin-state. Some complexes showing spin-isomerism will be treated in a feliowing
section regardless of the denticity of the ligand. The characteristics of the known five-cc-
ordinate complexes of iron{il}, cobal{iI} and nickel{[I}, are reported in Tables | 6.

(i) Monodentate ligands

The occurrence of five-coordination with monodentate ligands is of particular interest
in that it is the result of a fine balance between the steric interactions ameng the various
lipands and the specific tendency of the metal ion to achieve five-coordination. The lack
of stabilization due to chelate effects and of a rigid ligand skeleton make it more difficult
to characterize the factors which deterimine the formation of five-coordinate complexes.
With a proper choice of the neutral ligand L and of the anions X, five-coordinate {high-
and low-spin} complexes with the following stoichiometries have been isolated or identi-
fied in sotution: ML3X,, [MLsX]", IMLs1%*, (ML, L] *" (where L and L’ are different
ligands), [MX;]?" and [M,Clg]?~. A selection of examples is given in Table 1.

TABLE |

Five-coordinate iron{II}, cobait{i]) and nickel{il) complexes with monodentate ligands

Spcciesa Metal Doner Phywsical stateb X-ray data® Notes
ion  set and ref. and ref,

(i} Low-spin complexes

M(PHPh;)3X; Co P3Xz os(id) INT(13}
Ni c.s (14,15) INT(13)
M(PMey)aX, Ni  P3X;  cs(16—18) ,
M(PRR3)3(CN); Co P3C; cs(i®) R# R = Me, Et.
Ph, OMe, OET,
OPh
Ni cs (20-23) INT(24)
M(PPLEt;)3(C=C—Pl); Ni PaCz ¢35 ,
M(PRRS)3(NCS); Co P3N,  £s(26-28) R=R'=Me,Pr

R#R =Et, P
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TABLE 1 {continued)
' b

Species? Metal Donor  Physical state X-ray data © Notes
ion et with ref. with ref,
M{PPhMes )3 X5 Ni  P3Xy; cs(29) TBP(30)
IM(P(OMe) )] 2 Ni  Pg cs (31)
[M{polyphas)s] 2+ Ni  Pg cs(32,33) TBP(33)
M(phpin), X, Co PyXy  cs(348)
Ni €5 (35)
M(Mephos)a X, Co  P3X, e} {36.37)
Ni cds) (36,37 INT.TBP(38,39)
M(Eiphos}aXa Co P3X, c,{5) (36,37
Nji cds) (36,3T) TBP(38,39)
M(R —phenox}3X, N1 PyXq c(40) R = Me, Et
M{PRR3)3 X2 Co  P3Xa  ©s5¢41,42,423) R # R'= NMe,, F
M{PHE15}3X5 Ni PyX, c,5(43)
[M(PHE13)a X]™ Ni  PgX cfs) {43)
{M(PPH{OEt);)e X} * Co P3X s (44)
M(PPh{OE);}3(NCS), Co PN,  cs(44)
IM(CN}s] ™ Co Cs .5 (45-48)
. Ni c,s {49-32) INT and SP(53,54)
[M(PANC)s1** Co Cs (¢} {54a,54b)
(it} High-spin complexes
[M{PhsMeAsOY4 X1 Fe Oz c.s {55) (X3 (55) X = Cl04, NO3
Co .5 (55,56) SP(57)
Ni €, {55,56) (X} (55)
[M{Ph,MePO) X] " Fe O c.s (55) (X} (55) X = CIO4, NO,
Co c.5(55) (X} {55}
Ni c.s (55) (X) (55
[M(Ph3AsOY X] * Fe  Og s {55) X = Cl04, BF,,
Co .5 (55) ReQ,y
Ni c,s{55,58.59)
[M{Ph;PO)s X1Y Fe Og cs{55) X = ClQ,, BE,,
NCS, 1
Co c,s (55)
Ni s (55,58-60)
[M(Me3PO)51 2T Co Og c(61) (X} (61)
Ni c(61) O (61
IM(Me3AsO)s] 2 Co O c(61) £X) (61)
. Ni cs(61) SP{62)
[M{Me3P0),Cl04] Fe O; c{61)
[M(Me3As0)4Ci0alT  Fe c(61)
Ni c(61)
[M(EPNO)s ] Co O ¢5 (63)
Ni c,5(63)
M{EPNO)3(NO3}2 Co Os e (64)
[M{picox)s Co Qg cs {65} TEBPR{66)
[M(picox)s1 2™ Ni cs(6T) {Polymeric)
[M(utox)g]=* Co Os 5 (68,699
[M{lutox)e 7T Ni cs (6T (Polymeric)
M(lutox}z{NCSlz Co N4O48 c(70) Bridging NCS
[M{DMMP}gf Fe  Og cis{71)
M(TMB)g] Fe Oy s (72)
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TABLE ! {continued)

S;:u:f:icsdl AMetal Donor Physical state & X-ray data © MNotes
ion st with ref. with rel.
Co c{72}
Ni 5(72)
[M{TIBP)a{OH2 )| ** Co Us s (73)
Ni c,s (73}
IMzClg]% Ni Cls ¢ (74) SP(75)
{MCly (R—OM)]*~ Ni  OCls c (14} R = Me, E:
M(Me—dabco’ MB)YX3 Fe N(B)X3 c(76) (X) (76} B = H,0, NH,
Co NaXa ¢ {76}
Ni  MNDX; c(78) TBP(T7)
faf(dabeo™)aXa] ™t Fe NyXa c(78) ' X =CL Br
Ni c(78) X=Cl, Br

2 The lizand notation is defined in the Abbreviations list.
< depotes erysials, s solution; parenihieses denate uncertain assignment or, for solutions, equiiibria
with other species,

€ Symtols for complete X-ray structures: TBP denotes trigonal bipyramid, SP square pyramid and INT
intermediate structure. Indirect struciural evidence {e.g. isomorphism with compounds of known siruc-

ture) is indicated by (X3.
The formation of [Muton)s] 2" species for M = Ni(II) has reeently been reported #27_

{a}) Low-spin complexes

Among the low-spin complexes, the most common stoichiometries are ML, X, , [ML, X]™,
[MLs]*" and [MXs]?~. The ML3X, complexes are derived from phosphorus-containing
ligands {secondary or tertiary phosphines, phosphites, etc.). Since the occurrence of five-
coordination is restricted to a nayrow range where electronic and steric requirements of the
ligands are properly balanced., phosphines and similar figands are particularly suitable for
the study of this phenomenon, because they can be synthesized with a wide range of steric
and donor properties. Aromatic substituents decrease the donor power of the ligand but
supposedly increase its 7-backbonding capability. On the other hand aliphatic substituents
Trave less effect on the m-backbending capability. but increase the o character of the coordi-
nation bonds and offer the best opportunity to vary the total bulkiness of the ligand. Quite
bulky substituents favour the less strained planar or tetrahedral four-coordination. An ex-
ample of such a balance is the observation that the ligand E1, PhP (1) (refs. 19, 21) does not
form ML; X, complexes (X = halogen) but the ligands Me, PhP (I} (refs. 29, 30) and phpin
(111} (refs. 34, 35) do. Presumably the smaller size of Me, PhP and the smaller steric require-

]

\ CHa
JPPn Seen
4 CHa

) R=Et iz

/7 R=Me

ments of phpin with respect to Et, PhP are determining factors. Similarly Phy MeP (IV)
and Ph, EtP {V} do not form ML; X, complexes (with X = halogen)'%2"2? put the ligands
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@ ®

P—R F—R
(v} R=Me () R=Me
(V) R=Et Vit R=Et

Mephos (V1) and Etphos (Vil), owing to their smaller steric requirements and probably to
the different donor properties of the sp” phosphorus atom, do form such five-coordinate
complexes**~3?. The OR substituents on the phosphorus donor atom (organic phosphites,
phosphonites, ete), although their role is not quite clear, particularly favour the formation
of fivecoordinate complexes, so that in some cases ]MLs] 2" cationic complexes are also
obtained? ™33

Among the anions X, the CN™ ion is particularly liable to induce five-coordination. Fre-
quently a lipand L does not give rise to five-coordinate complexes when X = halide, but
does when X = CN~ (see Table 1). The capacity to stabilize five-coordinate complexes in
general fcllows the order CN™ 2 17 2> Br™ > C1™ > NQ7 > NCS™ although the NCS™
ion has ofien been found to be effective in stabilizing low-spin five-coordinate cobait{il)
complexes'®?%"?® _ Such an order cannot be explained in terms of ligand field strength but
could be related to the polarizability andfor nephelauxetic effects of the donor groups. The
only anion which appears capable of ferming five-coordinate complexes by itself with
cobusi(Il) and nickel(Il} is the CN~ group: [Ni(CN);]?~ complexes are casily formed
even in aqueous solutions®¥ 5! and can be isolated using either counteranions of suitable
bulkiness®*3%? or low-temperature techniques®?; anionic [Co{CN);] >~ species have been
also identified in solution®~%* and recently isolated®.

1t should be menticned at this point that all the five-coordinate species here discussed
are subject, in solution, to dissociation equilibria. Typical equilibria are those shown by the
ML3X. species.

ML, X, = [ML; X} + X~ MLy Xy =ML2X; + L

This instability in solution suggests that the choice of the solvent and of the synthesis
conditions {temperature, ligand excess, etc.) is always of prime importance, whilst [attice
forces, which can be tentatively controlled ounly in the case of ionic species, also play an
important role in the isolation of these five-coordinate complexes.

{b} High-spin complexes

Most of the high-spin complexes have been obtained with the oxo-derivatives of the same
ligands which form low-spin comnplexes. Tertiary phosphine oxides and arsine oxides as well
as organic phosphates, readily give rise to high-spin five-coordinate compiexes. Because of
its high electronegativity, small Dg and low nucleophilicity, the introduction of uxygen in-
to the ligand as doner atom does not greatly affect the steric characteristics but does allow
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fur the formation of high-spin comnplexes. The presence of oxygen as donor atom is the
main leature of the complexes of this type,

Sane tertiary phosphine oxide and arsine cxide ligands capable of forming five-coordi-
nate cemplexes are: Ph, MePO {ref. 55}, Ph, MeAsO {refs. 55, 56). Ph; PO (refs. 55, 58-60)
and Phy AsO (refs. 55, 58, 59), which form [MLsX] " complexes, where X = CIO, —,NO, ™,
BF,; 7, NCS™ orI7;also Mey PO (ref. 61) and Me; AsQ (ref. 61), which can form either
[ML;(Ci0.}] ¥ or [MLs]*" complexes. The electronic properties of these ligands are pre-
sumably quite similar, whereas the steric requirements are expected to increase gradually
on passing from the trimethyl! to the triphenyl derivatives. The fact that all these ligands
are able to form {ML, X] ™ species can be accounted for by the particular geometry of the
complexes, i.e. squarc pyramidal with the X atom in the apical position®”?, and by the dis-
tance between the organic moieties and the metal ion. As a consequence, the steric balance
of the ligands is less critical than it is For the analogous Jow-spin complexes. The effect on
the steric crowding around the metal fon produced by the introduction of an oxygen donor
atamn between the phosphine and the inctal fon is illustrated by the fact that the phosphines
mive rise to complexes with 1 @ 2 (or | : 3 in the case of Me; P) metal-to-ligand ratios, where-
as the corresponding phosphine oxides can be bound to the metal with ratios up to 1 : 5.

The occurrence of [MLs }** species with the least bulky trimethy! derivatives shows that
the steric factors are important. The possibility of obtaining poth {MLs1?* and [ML4(CiO, )} *
species with these ligands, and the similar properties of these two types of complexes, sug-
gest that the ClO; ™ and L groups are simifac in many respects, as is confirmed by X-ray
structures®™*2_ On the other hand, the {ML; X} ¥ complexes obtained with the maost bulky
tripheny! derivatives owe most of their stability to packing effects since, depending on the
counteranion. other species may be formed. With BPh,, for instance, only tetrahedral
[ML4]*" complexes are obtained®®. The compounds ML, (Cl04), and ML4(BF,), have
been isolated as both the tetrahedral {ML;]?* and five.coordinate {ML4(CIO}]* or
{ML4{BF4)]" isomers: the interconversion between the five.coordinate and four-coordi-
nate isomer can also be performed in the solid state by heating®®.

With respect to their ability to give five-coordinate complexes, the phosphate, phosphon-
ate and phosphinate ligands, which differ from the tertiary phosphine oxides in that one or
more OR groups replace the R groups, are quite similar to the latter ligands. The effect of
stich a substitution is to decrease the donor power of the phosphoryl group, thus favouring
an increase in the metal coordination number. In opposition to thig, the bulkiness of the
OR group tends to decrease the coordination number. The balance between these two fac-
tors leads to the formation of complexes with various cocrdination numbers, including the
five-coordinate species [ML;]** and [ML,(OH,)] ** (refs. 71—73). These generally tend
to increase their coordination number in solution by adding an extra ligand {ionic or neu-
tral),

Although a large number of metal complexes with substituted pyridine /¥-oxides are
known, orly recently has the formation of {ive-coordinate complexes with such ligands
been reported®=™ . From the point of view of the coordination properties, pyridine M-
oxide type ligands are quite versatile, in that metal complexes with several stoichiometries
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have been obtained depending on the anions, the reaction conditions and the type of met-
alion. Afthough there is no apparent relationship between the nature of the subsitituent on
the pyridine ring and the type of complex obtained, the substitution position does affect
the coordination number: 3- and 4-substituted ligands tend to attain six-coordination where.
as 2-substituted ligands favour four<coordination. Five-coordinate complexes have been ob-
tained with both classes of substituted pyridine A-oxides. For example, EPNO {VIIl) forms
{MLs]?" species in the solid state (M = Mn, Co, Ni and Zn} when the counteranion is ClQ4 ~

DEL
g oL ©L
] Me Me B Me
¥ i)
o ¥
{VHD 9 o
A rAx}

and [ML¢]%* species (M = Co, Ni) when the counteranion is NO3 ™ (ref. 63). It is evident
that the type of complex obtained depends on lattice forces only. The ligand picox (IX)
forms [MLg] 2" species only with cobalt®5%¢ whereas with nickel a polymeric, supposedly
five-coordinate, complex {(NiL4)},1*"* bas been obtained®’ . Finally, with the 2,6-disub-
stituted lutox ligand (X), tetrahedral (ML, 2+ complexes are obtained in the solid state
which in solution add either another ligand molecule or solvent itself to form five-coordi-
nate species®’ %%,

Recently, unusual five-coordinate complexes containing monoquaternized polyantines,
either as ligands (dabco”, Me-dabco™) or as counteranions {Me-dabca*), have been report-
ed™~™ _The use of such charged groups highlights the role of lattice energies’™ and the
importance of a favourable hydrogen bond network in stabilizing such five-coordinate en-
vironments as [Ni;Clg]*~, [NiCL(ROH)] *~, M{Me-dabeco™}(B)X; (B =H,0,NH3)},
{M(dabeo'), X51*. In these instances it is difficult to establish any principles or even make
intuitive predictions about the formation of five-coordinate complexes.

{ii) Bidentate figands

{aj Low-spin complexes

Bidentate lipands which give rise to five.coordinate low-spin complexes (Table 2} can be
divided into two main groups: {1) neutral ligands containing phosphino and/or arsino groups,
or containing one af these groups together with another donor moiety like SMe, SeMe or
SbMe, ; {2) anionic thio ligands of the dithiocarboxylate and thioacetylacetonate type.

With neutral ligands, five-caordinate [ML,X]™ species together with planar {ML;]*" and

MLX,, and six-coordinate ML, X, species can be obtained. The occurrence of five-coordi-
nation does not depend critically on the substituents at the donor atoms; in fact {ML, xXi*
species have heen obtained with hydrogen, alkyl or phenyl substituents. However, the size
of the chelate ring is an important factor. Most of the {ive<oordinate complexes of this
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TABLE 2

Five-coordinaie iton{Il), cobalt{II) and nickel{11) complexes with bidentate ligands

R. MORASSI, 1. BERTINI, L. SACCON!

Species” hetal Donor  Physical state X-ray data® Notes
ion set with ref. with ref,
{ij L.ow-spin complexes -
[M(das}y X3+ Ni  AssX s(80)
[Menas); X} * Ni  AsaX  ecs{(81)
[M(edas)3] ** Ni  Ass c (82)
(Meedas}a Xi ¥ Co  AssX  s(83)
Ni 5(82)
IM(dped. X1 Co PsX ¢,s (84,85} SP.TBP{854,850)9
I'H s {BRY
{M(bdmp); X] ¥ Co PyX c.s (86a)
Ni c.s {BGa)
MUTEPL X] ¥ Ni  PgX c,s(87)
{M(HPPH), X1 Ni  PaX €5 {88)
M{L}, 5(CN); Co PaCy  cs(19) L = dpp, dpb.
bdmp
Ni ¢,s (862.89,90)
ML) s(NCS)1 Co P3N;  es(I9) L = dpp, dpb
[M{VFPP), xf Ni  PyX cs(31)
{M{AP)2 X] Co  AsPaX cs(92)
Ni 2,5 {93)
IM(SP} X} Co  S5aP3X  ¢5(92)
Ni ¢,5{94)
[M(SeP), X1 7 Co  SeaPaX ¢5¢92)
Ni 5 {94)
[Mespra X1t Ni  S§;PzX  c,5(95)
iMGstarsh X1™ Ni  SbyAsyX ¢ (96)
[M{das)1tas)]* Ni  Ass €,5{97-99) SB(39)
M{dpe)r-ma)Br Ni  PyCsBr c{100,101) SP(100,101}
M (dthb)g Ni S c (102,103} SP{103) Trimeric
M {(dthpals Ni  SaNi c{104) SP{104) Dimeric, Ni—Ni
bond
M(dde);NO Co  Sa(N} (105 SP(105)
[M{PRPMPY, X1 * Co  PyNX  c(106)
Ni c,s{106)
MI4PAP)Y2Cly Co 7 c (107}
M{COXfdma)l, Ni  AssCla {108} TBr(10%)
M(CO) fdpa)i; Ni  As;Ciz ¢ (i08)
M(sacsac), B Ca 54(B) cs{110,111} B = PPh;, AsPh,
SbPhj, py, pip
(i} High-spin complexes
[M(SAL—-NMe)a i3 Co Ni03 (3112 TBP(113,114) Dimeric
Ni c{113) X)€113, 114) {Solid soln. with
the Zn compiex}
(M(Z--SALen-NE;)
catec]y Ca N,0O4 c(118) X3 (118) Dimeric
Ni c(118) INT{118) Dimeric
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TABLE 2 (continued)

Speciesd Metal Donor Physical stete®  X-ray data® Notes
ion et with ref. with ref. :
M(Z--SAL-NR):py Co  N30; c,s (119,120) R = (2,6-Me1)CgHj,
(2,6-Et3)CsHy
Ni c,s (121}
M(bza—-R);py Cao N3O, s(122) R = {2,6-Me4 YCgH3,
(26-Ft2)C6Hs
[M{mepicy, X] T Co NaX s {123)
Ni 51124}
[M{dmp)Cl3 14 Ni NaCly  c{125,126) SP{126) Dimeric
[M{IAMP}, X} Co NaX c{l2T} X = Br, |
[M(mbptHNCS}; ] Ca ? c {128} Polymeric
IM(PNYX L] g Ni {(PNX3} c,s5(i29) Polymetic
[M{LS}X;I(:} Ni NyXy c (130} (Dimeric)
IM{LE}Xs] {2} Ni NoX4 c (13 {Dimeric)
[M{qo)gl(z}+ Ni N,O3 cs(13) {Dimeric)
[M{atse),Cl] Ni SaNzCl ¢ (132} INT(13)®
M{dmpXRdtp), Ni  NaS;  c{133,134) SP(133,134) R = Me
M{guin){R,dtpi)g Ni NS4 c (134) SP(134) R = Et
M(R,dip). B Ni  NS4(PSq)cs) (135-141) R=alkyl: B=
amine, PPhy
M{R,dtpi); B Ni NS5, (s) (135,138) R=Ph;B=Ety3NH
{Mpymp)Xa] 2y Ni (PNX3} c©f(142) (dimerich

X = (Cl, Br, NCS

2 The ligand notation is defined in the Abbreviations list.

b ¢ denotes crystals, s solution and {s) uncertain assignment or equilibrin with other species.

€ Symbols for complete X-ray structures: TBP denotes trigonal bipyramid, SP square pyramid and INT
intermediate structure. Indirect structural evidence {e.g. isomorphism with compounds of known struc-
ture) is indicated by (X).

@ Further strucrural details of the isomers of [Co{dpe);Cl] 8nll; have recently been reported®®.

¢ Full structural details have recently been reported 331,

type so far isolated contain five-membered rings, the chelate chain being either saturated
(ethylenc bridge) or unsaturated {vinylene or o-phenylene bridge). Exceptions are the lig-
and nas, XI, which does form a six-membered chelate ring, but as a part of a naphthalenic

Me,As  AsMe, CH,
H, %/ \Cl?Hz
@@ ve.r e,
o X

fing and therefore of smaller size®! ; and the recently reported tetramethyl-substituted
bdmp ligand Xi1%%.

The formation of metal complexes with these neutral ligands can be considered to pro-
ceed by the following steps: (1) initial formation of a square planar maoiety {ML, 2", which -
can often be isolated by using non-coordinating anions; (2) formation of a monocadduct by
adding a coordinating anion (halide or pseudohatide); (3} formation of a six-coordinated
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biadduct. The occurrence of step {2}, which can be followed by spectrophotometric or con-
ductometric measurernents, is usuat when five-membered chelate rings are present in the
species [ML;]**. The geometry of the five-coordinate species varies from TBP to SP as a
fusniction of the interligand and Hgand-anion repuisions. The strain resuliing from six-mem-
bered rings causcs tetrahedral distortions which may inhibit step (2). If the anion is large
and the ligand so bulky as 1o prevent the attainment of six-ceordination, step {3) does not
occur. It may also be found that only the MI_; X; complex can be isolated from a solution
containing [ML, X] " and X~ species. Finally it shouid be observed that the situation may
actually be nore complicated if other equilibria occur in solution, e.g. dissociation equilib-
ria giving rise to MILX, species®.

Some examples will illustrate the influence of the factors mentioned in determining the
resulting sterecchemistry. let us consider the coerdinating properties of the following lig-
ands: HPPH (XH1), TEP {XIV}, dpe {XV} and VPP {XV1). The least hindered HPPH ligand
gives rise to five-coordinate [NiL, X]* (X = Br, I} and six-coordinate NiL, X, (X = Ci, NCS)

CH,—CH, CH=CH
S -~ e
RR'P PRR' Ph,P PPh,

cXitt R=Ph,R'=H 9477
XV R=R'=Et
Xyl R=R'=Ph

species, whereas only six-coordinate complexes are obtained with cobalt(1) {ref. 88). The
TEP ligand fonns only [NiL. X]* species, which are also quite stable in solution®?. The
bulky dpe ligand, on the other hand, forms five-coordinate [CoLy, X] Y (refs. 84, 85), and
presumably six-coordinate tetragonal NiL; X; compiexes, the latter giving rise in solution
to equilibria of the type8®

(NiL, X, ) = [NiL;X]* + X~ = NiLX, + L

The intrinsic steric hindrance of the dpe ligand is partially released when the ethylenic chain
is replaced by a vinylenic chain (VPP ligand). In this case the species [Ni{(VPP),X]" are
more stable in solution, and can be isolated in the solid state® .

As we have pointed out, a long chain inhibits the formation of five-coordinate species;
however, the ligands dpp and dpb form binuclear five-coordinate species with the metal
cyanides of formuta M, L3 (CN), where two bidentate lipands act as chelates and one as
the bridging group®™°°, Similar cyano derivatives, together with five-coordinate ML, X]*
species (X = halide), are formed by the less hindered bdmp ligand XI13%2, Presumably the
achieverment of the binuclear structure must be attributed, at least in part, to the special
effect of the CN™ ion in stabilizing five-coordination, mentioned above.

Among diarsines, the following ligands are known to form five-cocrdinate complexes:
das (XVII}, nas (XI}, edas (XVII), fdpa (XIX) and fdma (XX).

The first three ligpands have the same substititents (methyl groups} at the arsenic atoms
and similar rigid and unsaturated chains. Therefore the ML, X] * complexes have quite
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e _AsMe,
sSNE2 CH
@I i @—-g ASR,
AsMe, Ct S
As M fan)
XV sMe; @Asnz
(xvirt) tX1X) R=FPh
(XX} R=Me

similar characteristics®®®*, The ligands fdpa and fdma, on the other hand, only form un-
usual carbonyl complexes of {ormula NiL{CO)}, {refs. 108, 109). A characteristic of :he .
ligands das and edas {and of tridentate triarsine ligands) is their capability o give rise to
NiAsg chromophores. The arrangement of five AsMe, groups around the nickel ion appears
to be a particularly stable structure. The [Ni{edas);]>* complex presumably occurs tarough
the detachment of a donor atom®, whereas in the precence of nickel, two das molecules re-
arranges ta give the triursine molecule (ttas. XXI) and the complex [Nifdas){teas)i?* is
formed (see scheme 1)°77%7

AsMe; .ﬂ.S
AsMe ( ﬁ{'i‘ wAs
o ] o
AsMes A';_-'.{‘t 'Y
(XA}

Some anionic sulphur-containing ligands reported to form five-coordinate complexes
are dthb (XXI1), dthpa (XXII1}, ddc (XXIV) and sacsac (XXV). In these cases the extended

N

{ ~CL e
s 7 s SN—cg CHi
XX (XXt Me S by
(XXIV) /

Me
(XXV?

electron delocalization over the ligand is thought to be the main factor which determines
the spin pairing. The complexes reported are of two types: (1) ML, L' complexes (L = ddc,
sacsac), i.e. monoadducts with a neutral L' ligand?® %14 . (2} polymeric (ML, ), (2 =

2, 3) complexes which achieve five-coordination either through sulphur bridges (L = dthb)
(refs. 102, 103) or through a metal-metal bond in a cage-like structure!® (L = dthpa) (sce
schemes 2 and 3). The stabilization of the latter structures is largely due to packing effects
in addition to the well known tendency of anionic thic donors to form multiple bridge
bonds. ’
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{b) High spin complexes

Lipands capable of forming this type of complex contain oxygen, sulphur (either in
anionic or heterocyclic ligands) and nitrogen (heterocyclic bases) as the donor atoms. In
contrast to the sitvation with low-spin complexes, cationic high-spin [ML, X] ¥ species are
rather rare. The complexes isolated are mostly neutral with formulae ML,, MLL', MLX,,
ML,L" and MLL" (L, L' = bidentate, L” = monodentate, L' = tridentate ligand). Five-
coordination in the ML, , MLL  and MLX, complexes is achieved through phenolic oxygen
bridges or halogen or pseudohalogen bridges. This type of molecular association generally
results from favourable packing effects, since in solution equilibria among various stereo-
chemistries occur, A typical example of such bridging ligands is SAL-NMe (XXVI). The
bis{/¥-me thy}-salicylideneiminato)nickel(il} complex has been isclated both in a mono-

CH

XXV

e, However, when it

meric planar form™'®!'"® ang in a polymeric six-coordinate form
forms solid solutions with tlie analogous zinc complex in a certain range of molar ratios,
it assumes the dirmeric {ivecoordinate structure of the latter complex (see scheme 4) (refs.

113, 114). In solution, equilibria between associated six-coordinate, planar and probably

A AR
O::T_.M :x
’}‘Ql,_“ N

five-coordinate species occur. In contrast the solid cobalt complex is obtained only in the
dimeric five<oordinate form, which in solution partially transforms to a monomeric tetra-
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hedral form**2_ It should be recalled here that SAL.NR ligands with bulkier imine substi-
tuents preferentially form four-coordinate complexes''s~17,

The stability of oxygen-bonded dimers is indicated by the structuse of the complex
[M(Z-SALen-NE1;)catec] ; (see scheme 5), where the achievement of five-coordination

/““\N
"H"-O«..__“_
° ™S /'{N)

h: * P
@0/1
e,
G
S

through an oxygen bridge is preferred to a monomeric structure with all the potential do-
nor atoms singly coordinated'?®.

The cccurrence of five-coordinate MLX, complexes as associated species through halide
bridges depends on the use of sterically crowded ligands ( in order to prevent six-coordina-
tion} and anions particularly capable of forming bridges, These conditions are fulfilled, for
exampte, with the ligands PN (XXVI{}!?°, LS (XXVHI)'®, LE (XXIX)'*?, pymp (XXX)'#?
and NiX, (X = Cl, Br, NCS). When X = I, however, tetrahedral MLX, complexes are ob-

PPh,
@ 5 N G
NMe; @ \h’lg C" @ Me’(r;:LCHz—-F'Ph:
(XXVif] XXV taiakiol taxx
tained. Tetrahedral complexes are also obtained with cobalt{Il) or iron(11) salts in agree-

ment with the stronger tendency of these metat ions to give such stereochemistry. Finally
the Ni{dmp)Cl, {dmp = XXX][} complex has been isolated in two isomeric forms, one

(XNEELD

pseudotetrahedral and the other dimeric five-coordinate!?*125,

The axial addition of a fifth ligand, either neutral or charged, to a planar metal chelate
{ML; 1% to give a fivecqordinate adduct is common, as seen above, when the resulting com-
plex is fow-spin, but it is uncommon when the resulting complex is highk-spin. When the
overall tigand field of the chelates and of the incoming group is sufficient to preserve the
low-spin state, the structural perturbation caused by the fifth ligand is rather small and
five-coordination may be preferred to six-coordination, which could require a change in
spin-state, On the other hand, when the addition of a fifth ligand causes spin unpairing, the
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stability of the resulting complex is in general smaller than that of the six-coordinated bi-
adduct unless the overall steric factors do not favour the latter coordination, For example,
from planar bis[(V-2,6-dialkylphenyl)-Z-salicylideneiminato] nickel(I1) and pyridine, ei-
ther the six-coordinated biadduct or the five-coordinated monoadduct are isolated, or the
unchanged starting complex is recovered, depending on the nature of the substituent 212!,
Moncadducts have aiso been isolated with the analogous cobalt(If) complexes, which are
themselves high-spin and therefore ne change of spin-state occuts upon the formation of
five-coordinate species! %122,

High-spin five-coordinated adducts are obtained also from the planar bis-dithio chelates
of nickel(H} (alky? or aryl-substituted dithiophosphates or dithiophesphinates) and prima-
1y, secondary, and heterocyclic amines'**?='%* or Ph;P (ref. 136). in some cases, the

thermeodynamic functions of the planar = five-.coordinate equilibria have been determined
140— 14}

TABLE 3

Five-coordinate iron(il), cobalt{il} and nickel{[I} complexes with tridentate ligands

Species” Metal Donor Physical sta:eb X-ray data® Notes
fan  set with ref. with ref.

{1} Low-spin complexes

M{TASYX3 Ni  AszXa cs{143,[460) SP(144)
[M{TAS);] 2+ Ni Asg ¢,5{99,143,145) One unbonded
donor
M(11as}X Ni  AsyX, o5 (145)
IM(itas)z | 2 Ni  Asg ¢,s (145) One unbonded
doner
M(ASNASIX, Ni AsgNX, c,s (146}
M(ASSASIX, Ni As35X, c,5{id6)
M(DAP}X Ni  As;PX c,s (1462) SP{146b)
M{PSPIX2 Co P,5X, cs{laT)
Ni c (147,148}
M(R-PNP}X, Co  NFaX, c,(5) (147) (X3 ¢147) R =H, Me
Ni c{147) SP{145,150)
M{NNP}X . Ni NaPXa ¢ (151} X=1
M{SNP}X4 Ni SNPX, cs (151} X=1
M{FTP)X. Ni PaXo c,s(151a}
M(TPH)X, Co PaXo cis) 1152}
Ni c{il52a)
M(DSP)X2 Ni  S;PX; c.s (94) SP(153)
M(TDPME)X; Co P3Xy c,(s) {154)
Ni c.{s} {154)
M(TDPMM)X, Co PuX, c,s (135)
[Ma(TAS)3(OH1?Y Ni 2 ¢ (156) {Dimeric)
Mo (DAP)Y2(OH,}] 2 Ni T c {156) (Dimeric)
M4 {DMS}4 Ni S4Ni c {157,158} SP(159,160} Supgested Ni—Ni

bond
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TABLE 3 (continued)
Species? Meta! Donor Physical state ¥ X.maydata® Notcs
ion  set with ref., with refl
M{pnp}X, Ni  P,NX; e (161) X =Br,1
M{pmp)X, Co  PiNX, c,5(162) X=1
Ni c,5(162) X=CLBr1
{ii} High-spin complexes
M(Z-SALen-NRa)s Co N304 ¢, {163) {(X){163.165) Z=H, 3L, 5CL
3-Me, 5-Me: R = Et,
""(CHz)q_-
—(CH3)s—
Ni s (164) SP{165.1656) Z=13CL 5CL3,
4.-benzo; R =Et.
:\[(ONSA\JB)Z Co N] 025 cs (16T}
{M{SALphen-NR4}X}2 Co N,OX, c (168} Dimeric
MiMesdien) X, Fe NaX3 cs {169} (X} {169}
Co cs(169) INT(170,171)
Ni c,s (169} (X3 {169)
M{Elsdien}X, Cao NaX, c,s(172.173) TBP({174)
Ni 5{173,175) ¥ =C1, NCO
M{Megdueo)Xs e NLOX, cs (176)
Co c,s (176}
Ni c,s {176}
M{MesdaesiXy Co N2SXq c (s} {177}
Ni c, (s} (177}
M{MABen-NEt2}X, Co N3X; cs (178}
Ni c,(s} {178}
M{MSBen-NE15)X, Co  NaS8X; cs{179) X =NCS8
Ni c.(3){179)
M{MOBen-NMes3X4 Ni N,OX4 ¢.{5) {180)
M{MOBtn-NMe; )X, Ni N> OX5 c,(5} (180}
M{mpdo}X, Ni N,OX, ¢,5 {1800 INT{181) X=Br
AMNNY)IX Ni NzP(As}X2 s {151} NNY = NNP, NNAs
M(ONY)X2 Ni ONP(AS)Xy cs(151}) ONY = ONP, ONAs
M{SNY)Xa Ni SNP{As)X, ¢,5(151) SNY = SNP, SNAs
M{Z-SALen-NR;} Ni N3O, s{182) Z=5Cl;R=Et;
(Z'-SAL-NR") 2’ = H, 30, 5Ct
R = Mc, Et, 150-Pr,
n-Pr, n-Bu
M(paphy)Xa Co N3X; c,s (183) SP(184,185)
M{paenR23}Xz Co Ni3X, c.s {186} R = Me, Et
Ni c.s (186}
M(DAP-B )X, Co N3X3 c,s{187) R = pic, Et, #-Pr,
iso-Pr, sec-Bu, Cy
Ni c,5{187)
M(terpy )Xy Fe  N3Xs ¢ (188)
Co c,s (183,188~ INT(192)
161}
Ni c (183,189 (X) {188}
M(DPEA)X3 Fe N3Xq c (19
Co g,s (191
Ni c,5 (194)
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TABLE 3 (continued)

Species? Metal Donor Physical state b X-ray data ¢ Notes
ion sct with ref, with ref,
M{DPES)X, Ni Nz5X, c.s {194)
M{SNNMc)X> Fe  N3SX, c,s (195)
Co c,s {195)
M{Me.dpma)Xy Ni  N3X, c,5 (196) INT{197)
_\!(Pﬂphcnhﬂ!2)X2 Fe N3X2 c.s (198)
Co c,s (198)
Ni c,s (198)
M(baphenMe; )X, Fe N3Xa c,s (198}
Co cs(I98)
Ni c,s (198)
M{abMey)X3 Fe  N3X; c.s {198)
Co c,5 {198}
Ni c,s (198)
M(SNS)X, Co NS,X4q cs(159)
M(MeDPTIX, Ni  NaXg e,s (200)
M{DENB;)}X; Ni NzX, c,s {202}
M(DPNB;)X. Ni  N3X, e.s (202)
Mipytz} X2 Fe N3yXq c,s (203)
M(mpa)X; Ni  NiXs e.s (204)
M(R-nnp)X; Co  N;PX; c,(s) (205,206} INT(207) R =H, Me
M{(H-nnpO)X» Co N,OX4 c,5£206) TBP{208)} X = NCS
M(bipy}X, Fe  NSzX3 c (209)
Co e {209)
M(TDEH; )X, Co 025X, c,5€210) X=C
Ni cs {210
M(mpde)Xy Fe  N,SX, c(21D)
Ni c(211}
M{pnp)X+ Fe P;NX, e,5{161) X=Cl, Br
Co cs{lb1} X=0Q
Mipmp)X, Fe  PuNX, c,s£162) X =01, Br, I, NCS
Co cs(162) X=Cl
[M(NSN)5 ] 2" Co  Nj3S; e(212)

i The ligand notation is defined in the Abbreviations list.

¢ denotes crystals, s solution and (s) uncertain assiznment or equilibria with other species.
© gymbols for complete X-ray structure: TBP denotes trigonat bipyramid, SP square pyramid and INT
intermediate struciure. Indirect structural evidence {e.g. Isomorphism with compounds of known strug-
ture} is indicated by (X}

{iii} Tridentate ligands

{a} Low-spin complexes

Among the ligands which give rise to five-coordinate complexes tridentate ligands (Ta-
ble 3) are the most numerous. In fact the most common five-coordinate complexes are of
the type MLX; where the neutralization of the charges may add further stability, More-
over, non-ionic species are favoured by the fact that five.coordinate complexes are general-
ly ohtained from organic solvents of low polarity. Low-spin complexes are obtained with
ligands having As, P or S as donor atoms. The introduction of nitrogen inte the doner set

" may result in 2 ligand field which stabilizes high-spin complexes.
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The ligands used are either of the linear or the branched type. The linear ligands are the
most common. The chains bridging the three donor atoms can be either aromatic or aliph-
atic. In the latter case, the resulting chelate rings can be five- or six-membered. In contrast
to complexes with bidentate ligands, the complexes with six-membered chelate rings are
more stable than the five-membered with respect to the dissociation into planar [MLX] +
species.

The mechanism of the formation of the five-coordinate complexes can be considered to
praceed via the [ollowing steps: { 1) formation of a planar species [MLX] " with the three
ligand donors and the X donor nearly in the same plane; (2) addition of the second X do-
nor in the apical position with neutralization of the charge and lowering of the basal X do-
nor under the main basal plane because of X—X electrostatic repulsions.

From the available X-ray structures of these MLX, complexes, it appears that the inter-
actions between the apical donor and the basal groups are quite strong'*!5?. Moreover the
antibonding character of the 4,2 orbital, which is filled for nickel(I1) and half filled [or co-
balt(i1}, favours the apical elongation of the square pyramid. As a consequence of these fac-
tors the apical M—X bonds are in general longer than the basal M—X bonds”.

Actually, planar [MLX] " species have been isolated only with nickel{l1}. Their relative
stability with respect to the five-coordinate MLX; species and therefore the tendency of
the latter form to dissociate in solution depends both on the overall steric requirements of
the basal donors and on the specific tendency of the metal ion to give planar species. For
cobalt complexes the above scheme is unrealistic in that, when the steric [actors do not al-
low the formation of five-coordinate species, tetrahedral species are formed. For exampie
with the ligands PSP (XXXIi}""1%% TPH (XXXIHT)3%1522 3nd R-PNP (XXXIV)**7 which
differ in the central donor group, either five- or four-coordinate (planar with nickel and tetra-

R
Crmr G Crn,C CH H-‘C\ :/C";—H,C‘

/ / N\ zn ¥ s
Pn.s h% — =n,5 bpn,

(779 17
tEF AN ¥=0 RS PR
EXARIY W TH, R=H Ma Oy

hedral with cobait) species have beenreported. The first two ligands from solid five-coordinate
MLX, complexes with both cabalt(II) and nickel(I1}. In solution, the nickel complexes
(with the exception of Ni{TPH){CN}, (ref. 152a}) dissociate completely to give planar
[NiLX1* species. The R-PNP ligands deserve more comment in that they show the effects
of the bulkiness of the R group. Both in the solid staie and in solution the cobalt complex-
es with R = H are five-coordinate, whereas when R = Cy, pseudotetrahedral complexes with
aCoP, X, microsymmetry are obtained*?, With R = Me, a {ive-coordinate = tetrahedral
equilibrium exists in solution, white the solid complex is five-coordinate!*’. Analogously

the NiLX, compounds {in the solid state) are five-coordinate when R = H or Me and planar
when R = Cy, although the former complexes undergo essentially complete dissociation in

solution!®? according to the eguation

NiLX, = [NiLX]* + X~
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Among the ligands giving rise to six-membered chelate rings the ligands TAS (XXXV}
and ttas {XXI) are among the more versatile, in that in addition to the MLX, species’**
1951963 they also give five-coordinate [NiL,]?" species with a free terminal donor group
193135 cwith a structure similar to that of the [Ni(das)(ttas)] ** species reported among the

Aa
MG ,CH_.—H_.C\
€, T s
i
Me, A5 A hlg,
fAXXY?

bidentate ligands)®?~%?. The former also gives a binuclear complex Niy L3 (H, O}Cl104 )2,
probably containing two five-coordinate moieties bound by a ligand bridge'8.

Unusual from a stereochemical point of view are the Ni(DSP)X, complexes™ , in that
the apical position ot the approximately square pyramid is occupied by a terminal thie-
ether donor. This is presumably due to the particular rigidity of the ligand skeleton®s*.

The branched tridentate ligands which may fornn low-spin five-coordinate complexes
are TDPME {XXXVD'™ and TDPMM (XXXV _i}'*°. The geometry of these ligands is not

CH PPy PR P —CH, CH~ PPy
CH~C — CH~PPn, N
CH—PPh Poue--CH, Ch— PP,
XXXV rRXN VI

suited to MLX, five-coordinated stereochemistry. However, together with four-coordinate
MLX, species (planar with nickel and tetrahedral with cobalt), where the ligands behave
as bidentate, five-coordinate structures with one phosphorus atom weakly bound have also
been proposed 5%,

Finally the existence of a dimeric complex Ni,{DMS), {DMS shown as XXXVIII), con-
sisting of two planar units sharing two sulphur atoms, should be mentioned. The dihedral

angle of 82° brings the nickel atoms into an unusually close proximity, which may suggest
P

cH.— n,c\ Chg HC
/
HY 5 SH
XXXV

the existence of the fifth bond (Ni—Ni) (refs. 157160},

{b} High-spin complexes _
Five-coordinate high-spin complexes with-tridentate ligands are mainly of two kinds:
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(1) neutral ML, or cationic {ML,]*" complexes in which one ligand L acts as tridentate -
and the other as bidentate; (2) neutral MLX; complexes where X is a halide or pseuzdo-
halide.

The neutral ML, complexes are the M{(Z-SALen-NR; ) {M = Co, Ni}, {protonated
ZSALen-NR,; shown as XXXIX). The occurtence of five-coordination is due mainly to a
favourable electronic and steric balance of the various substituents on the aromatic ring
and on the g-nitrogen. In general, in solution there are four-coordinate (planar with nickel
and tetrahedral with cobalt), five- and six-coordinate species in equilibrium, with the larg-
est proportion of five-coordinate species occurring when the substituent at the salicylald-
imine ring is 5-C1 and the substituents at the nitrogen are cthy! groups'®®'* _in this case,
as well as with some other substituents, five-coordinate species with a free dialkylamino
group are also obtained in the solid state (see scheme 7) (refs. 163—166). A similar situa-
tion occurs with the M{ONSMe}, {protonated ONSMe shown as XL} complexes where

CHFH.C /‘Nﬁz
7 N\
CH=N ¥
- X -
OH |

0_.-_-....0

rCRAEX] Y =hNARL ; \M s
/. = S 4 .
XL ¥ = Shle P N

one of the two thioether groups is not bound' 87,

The MLX, complexes are quite numerous (and often casily obtained). The steric and
conformaticnal requirements of the ligands capable of forming this type of complex are
not so strict as in cther cases previously mentioned. The chelate rings can be either five- or
six-membered and the chains can be ethylenic, propylenic, o-phenylenic, etc. Similarly the
ligand groups vary over a wide range from amines {aromatic and aliphatic}, heterocyclic ni-
trogens and imines to thioethers and ethers. The most common donor set is N3y X, , realized
with several different nitrogen doner groups. The set SN, X, is also rather common and
some examples of donor sets S;NX,, ON,; X, and ONSX; are known. When a low-spin-
inducing phesphorus or arsenic doner atom is present in the donor set together with nitro-
gen, oxygen or sulphur (“hybrid” ligands), the spin-state depends on the nature of the co-
crdinated anion and on the lattice forces which may affect the geownetry of the chromo-
phore® . Some examples of complexes with intermediate magnetic properties will be given
in Sect. B ().

The high-spin MLX,; complexes are in general more stable, with respect to the dissocia-
tion

MLX, (five-coordinate} = [MLX] " (planar) + X~

than the corresponding low-spin cowmnplexes. More frequently the foilowing equilibrium oc-
curs ’ :
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MLX, {five-coordinate) == MLX; (tetrahedral)

involving the detachment of a donor group of the tridentate ligand. The type of equilib-
rium, if any, depends mainly on the metal ion. Cobalt complexes often give rise to the lat-
ter equilibrium, while for nickel the type of equilibrium depends on the strength of the do-
nor atoms. When the coordinate bonds are largely covalent, i.e. with primary amines, P
and As atoms, planar species are generally formed. With weaker and more butky donor
groups {generally tertiary amines}), tetrahedral species can he obtained. The competition
among all of these species, as well as six-coordinated species, is influenced by the substitu-
ents at the dener atoms, the nature of the X group and the specific tendency of the metal
ion. Although it is difficult to account for the occurrence of five-coordination in every spe-
cific case in this class of complexes, by briefly surveying the numerous reported complexes
it is possible to obtain an idea of the conditions necessary for it. As outlined above the pref-
erence of the metal ion for a five-coordinated structure with respect to a four<oordinated
one depends on the geometry {planar or tetrahedral) of the alternative four-coordinate
complex. When the alternative structure is six-coordinated, fivecoordination is more {a-
voured for cobalt than for nickel, For example, the Meg dien ligand XLI is of the right size
to form stable five-coordinate complexes with most of the first row transition metal salts
(X = Ci, Br, I, NCS)"*® . The analogous Et, dien (XL11), which has larger terminal donor
groups and a less basic central nitrogen donor, forms fivecoordinate complexes with co-
balt'™~!™ and planar with nickel!™ | the latter giving rise to the [MLX]* + X~ ==MLX,
equilibrium in solution'™ . However the Ni(Et; dien){NCS), complex is polymeric six-co-
ordinate!™ . It appears therefore that bulkiness by itself is not the only factor determiaing
the coordination number but that the overall properties of each donor group are also im-

-]
SRR CH—HG
rd A T4 \
N [ NR:

rxer) R=R'=Ma
fAxLny R=E: R'=H

portant, For example, the thiocyanate group has a strong tendency to act 2s a bridging lig-
and and therefore to form six-coordinate associated species. Stable fivecoordinate nickel
halide complexes, but polymeric six-coordinate thiocyanate complexes, are formed with
the ligands DENB, (XLIII} and DPNB, {XLIV), which have the same skeleton as the E1,
dien and Megdien ligands®*® . The same basic skeleton is also present in the ligands H-nnp
(XLV)?®:2% Me nnp (XLVI)?®:2% Me, daeo (XLVII)!™ and Megdaes (XLVUI)}*"?, which
also give rise to high-spin five-coordinate nickel, cobalt and iron complexes. The first two

" R
; o L SHHC | CH PG Cr-M,C. CHeHC
CH—H,C . CH— N by i
Zo= / S LF N\ z / O \ ; e
@—cﬂ;u b N=CH P ) NEY, MmN Y WMz

FXLNE RE=HM rXLP R=H (XL Y=0
(LM R=Me rXL VY R=ne CALVIF) Y=5
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ligands give rise in solution to equilibria with tetrahedral species whose abundance increases
with the bulkiness of the substituent {H <C CH;) on the central nitrogen donor®™ . A sim-
ilar equilibrium is also shown by the Meg daes complexes'””. The ligand MeDPT (XLIX),

G iy
HH,C  CHm M C
i \1/ U
cuy N &My
H M MM,
fxLIXS

containing two primary amino groups, also forms five-coordinate NiLX, compiexes; the
larger dimension of the chelate rings appears to provide the steric requiremenis necessary
to limit the coordination number to five®® .,

The corresponding Me-dien ligand (Me-dien denotes bis(2-aminoethyl)methylamine)
farmus (MLX, ), six-coordinate polymeric complexas?®?

Another series of ligands of some interest from the point of view of coordination versa-
tility is constituted by the Schiff bases formed from N V-diethylethylenediamine and o-
substituted benzaldehydes: MABen-NEt, {L), MSBen-NEt; {LI), and MOBen-NEz, {LII).
The MAB and MSB derivatives form five-coordinate complexes with nickel halides' ™7,

Crp— C{-r:

I'4
O:CH=N Mt
¥ —Me

Ly Y =MNH

frey =5

iy r=0
whereas cobalt halides give rise to five-coordinate complexes with the former ligand'™ and
etrahedral with the latter, the thicether group probably being non-coordinated!™ . This
is consistent with the lower donor pewer of thicether sulphur compared with amine nitro-
gen. With the weak donor methoxy group only tetrahedral complexes are obtained!®®. How-
ever, when the bulkiness of the substituents on the f-nitrogen is decreased (methyl groups)
or the aliphatic chain is made more flexible (trimethylenediamine either ¥ N-dimethyl or
N-ethyl) even the MOB derivatives are able to form five-coordinate nickel complexes!®® 18t

Several MLX, complexes are obtained with ligands containing one or more heterocyclic

nitrogen atoms. The existence of extended m-systems adds further stability to the complex-
es. Typical ligands L are DAP-R; (Lil1}!®7, terpy (LIV)}!33188-181 DpE A (LV)I¥31% DPES
(LVIY'* and Me,dpma (LV11)'?. Comparison of DPEA, DPES and (R, )dpma is interest-

/\]/(\ Cra S

Q v Q
[X] - M -
we L) me X )“() ey
T 1]

(Livy tLviI RzMe
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R R

CH—H,C CH-H.C
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(53 N

FEWV? Y= MHH
QLvii =5
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ing. The former 1wo ligands give rise to five-coordinate complexes, eveny without substitu-
ents on the pyridine ring'%*'™ | whereas the unsubstituted dpma ligand (R = H), owing to
the small size of chelate rings, forms only six-coordinate [NiL,]?" complexes'®® . However
five.coordinate MLX,; complexes are obtained when adequate hindrance is provided (e.g.
by the orriio methy! groups in Me, dpma)'®*!®7_On the other hand, terpy, which can be
considered the fully heterocyclic analogue of dpma, forms either the octahedral [ML,]2"
or the five-coordinate MLX, species {M = Fe, Co, Ni}, depending on the synthesis condi-
tions!®—192 In solution, however, the latter complexes readily add a molecule of solvent
or ligand thus becoming six-coordinated '#%1%!

TABLE 4

Five-voordinate iron(I1}, cobalt{Il) and nickei(ll} complexes with tetradeniate Heands

Species? Metal Doner Physical s:ateb X-ray data® Notes
ion  set with ref. with ref.

(i} Low-spin complexes

Miomx] ™t e PgX e {213,214)
Co ¢s{213.215)  INT(216)
Ni cs{213.217)
IMEQASYX] T Ni  AsgX cs {213,217}
[Mi{qasiX] . M Ay X s (218)
[M(Qas)X)’ NI AsgX s {219)
iMgpIx] Co PgX c.5 {220}
Ni c.5(220)
MTamxyt Ni  PAsiX o5 (221} TBP(222)
[M(TAP)OH;)] 2+ Ni  PAsyO .5 (221)
[MCTSPIX] Ni  PS3X c$4223) TBP(224)
[p7(TSP)B] ** Ni  PS53(B) £ (223) B = PPhj, PMePha,
T
[M(TSeP)X] Y Ni  PSesX ¢.s (225)
IM(NP3)X] ™" Co NPaX c,s (226) $P(227,228) X = NCS, {1, when
Y =i, BF,4, PFg)
Ni €5(226,229)  TBP(230,231)
(NN Asy )X}: Ni  NAszX c.s (146)
[M{N;P;)X] Ni  N;P,X c,s (232,233)  INT(234)
{MNOPIX] ™ Co NOP;X . (235) {X) (235) X = NCS
Ni c,s(235) ESP(236,237)
IMN,OPYXTY Ni  N;OPX ¢ {238) X=1,NCS
{M{NOAsIX]™T Ni  NOAs; X ¢5(238)
{M(SAs3)X] *+ Ni  AsySX c,s{239) TBP(239)
{M{ASTP)X]+ Ni AsP3X c,5{240,241}
[M(SBTRIX] Ni  SbP3X c,s (240,241}
[MPTASX]™ Ni  PAsgX 0.5 {240,241)
[M(SBTAS)X] Ni  SbAs;X c5(241)
[M(sbras)X] Ni  SbAs;X c,5(242)
{M(PSSP)X] Co P;35;X c5{243)

Ni c,5{148,243)
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TABLE 4 (continued)

Species? Mcial Donor Physical state ! X-ray data € Notes

ion et with ref, with ref,
iMepNNPYX Y Co  N;PX o5 (248) ESP(245)

Ni c.5 (244) ESP(245)
{M(BDEDX] ™ Ni  NaPyX c.s {246}
[M(SALen}] 5 Co N0 c{247) 5P(248,249) Dimeric
M{SALcn)py+ Co N304 G5 {247) SF(250)
[M(tmac)X} Ni  NsgX v s} {251}
[M(CRIX] Co NuX c.s5{252)

Ni ¢ (253) ESP(254) X = Br
iscrx) Co NaiX ;5 (252)

Ni ¢.(5} (255) ESP(256) X = Cl04
{M(CR)B] 2* Co  Ngi(B) €5 (257) B = NH;., H,0, py
IM(TTP)X] Ni 8aX s(257) X=1
(i} High-spin complexes
{M(Rgren)X] ¥ Fe NsX s (258) TBP{259) R = Me, Et

Co ©5(260,233)  TBP{261)

Ni £,s{260,233) TBP(262,263)
[M(tren)X] ™ Co NgX 5 (264) X = I, NCS
[M(Megtp)XI ™ Co NaX c (265)

Ni 5 {265}
IM{tpOXTT Co NgX .3 (266) TBP(267)
IM{Me, pma)xi™ Ni  NuX cs (196) =323
IMNaPX] ™ Co N3PX es(f32,2333  TTBP(268)

Ni cs(233,269) (X) {233
M, AsX] Y Co NjAsX ¢,5€232,233)

Ni ¢ (232,233) X=1
{M(NgPX] Y Co NPyX €,5(232,233)  TTBR(234)
M(LYNCS), Co Ns €% (232,233 L = N3P, NjAs

. Ni c.${232,233)  SP{2TL,272)

[M(N;O)X] Co N;0X s (271

Ni cs{273)
(MNsSIX) Y Co  N3SX e (273)

Ni cs (273
M(L}NCS), Co Ng €5 (273) TBP(274,275) L = N30, N3S,

Etgtien

Ni &(8) (273) (X} (273}
[M(N-O3)X] " Co NO3X 5(273)
(M{N;03X]Y Co N;O,X cs (273

Ni o5 {273
{MN2S5x1 Y Co  N3S2X cs (27

Ni 2,5 {373)
{M;(bdhe);f* Ni N3O, ,s(276,277)  TBP(276,277) Dimetic
[M{NP3)X] Co NP3X €5 (226) TTBP(278) 4 X = CH, Br, (1, when

Y = BPhg)
M omx ¥ Co NZOPX cis (238)
IM(NaSPIX) Y Co  N,SPX .8 (238)
iMNOPIX] Y Co NOP,X .8 {235) TTBP{279) X =l By, |
{M(NS;-RX] " Co NS;X c,8 (280, 281} ‘TBP (281) R = Me, Et, iso-Pr,
fert.-Bu

Ni c,s (281} R = Et, isa-Pr. 7ert.-Bu

M(Z-SALen)(OH,) Co N0, ¢ (247) Z= 3-MeO



372 R. MORASSI, §. BERTINI, L. SACCONI

TABLE 4 {(continued)

Species? Meral Donaor Physical state b X-ray data © Notes
ion set with ref. with ref.

M{dacoDAYOH, ) Co N0, cs{282,283) (X} (283)
Ni c.s (282,283}  SP(284)

IM(et)X] " Co NgX c,s (285,286) (X} (286)
Ni c,5 (285,286)  SP(2B5)

ML 7eDx)t Fe  NgX ¢, (287,287a)

iM(1,3,7,10CT)X] " Fe  NgX c,s (287,287b)

IM(CRHIX] ™ Fe  NaX .5 (287)

IM(TACEXTT Ni NgX ¢,5 (28R)

M(bphen)(OH3} Ni N;0:X c.s (289)

9 The lipand notation is defined in the Abbreviations list.
¢ denotes crystals, s sofution and {s) uncertain assignment or equilibria with other specjes.

€ Symbols for compiete X-ray structures: TBP denotes trigonal bipyramid, SP square pyramid, INT
intermediate structure, ESP elongated square pyramid and TTBP tetrahedrally distorted mrigonal bi-
pPrramid. Indireet struciural evidence {¢.g. isomorphism with compounds of Known struciure) is in-
dicated biv (X}.

Full structural details were recently reportcdan.

{iv} Tetradentate ligands

{a) Low-spin complexes

The use of tetradentate ligands to facilitate the synthesis of five-coordinate complexes
is quite widespread (see Table 4). Because of the presence of a large number of chelate dngs
the resulting complexes are generally quite stable. Moreover, tetradentate lipands can be
made with such a peometry that, once they are coordinated to the metal ion, only one fur-
ther coordination position is availabie.

As outlined in the introduction, low-spin complexes may be obtained either with strong
field donors (P and As), or, in the presence of weaker donors, when the resuiting complex
has an elengated square pyramidal structure. The latter stereochemistry is quite commeon
with tetradentate open-chain and macrocyclic ligands. However, the most commonly used
tetradentate ligands are tripod-shaped, since the tripod geometry is the most favourable for
the formation of trigonal bipyramidal complexes in which the top {central} donor occupies
cne axial position and the three terminal doners the equatorial positions, If the bulkiness
of the latter donor groups and the length of the chelate chains are properly chosen, only
one further ligand, generally a halide or pseudohalide, can enter inte the coardination
sphere. The resniting cationic speeics [MLX] " are isolated either with the same X as coun-
teranion, or mere commonly with anions of low coordinating power such as CI0; ~, BF4 7,
PF,~ or BPh, .

Low-spin cobalt complexes of this type are not as common as those of nickel since they
tend to distort towards a tetrahedron which stabilizes the high-spin state®. This is the case
with the ligands NP; (LVIII} {refs. 226, 230, 231} and N, Py (LIX) (refs, 232—234) which
form low-spin trigonal bipyramidal nickel{II) complexes and usually, high-spin cobalt(ll}
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CH—CH=RFh; CH - CH—NEL,
N = CH~CH.-PPh, N CH CHy-PAb,
CH~CH— PR, CH;-CH e PPhy
FLVHED LK

complexes. The exceptions are [Co(NP3)I]Y (where Y = I, BF4 and PFg) and [Co(NP;)
NCS] BPhy, , which are low-spin square pyramidal with an apical phosphorus atom>*%*?8,
For [Co(NP,)X] Y complexes see Sect. B (vi). Ligands containing multiple arsenic donor
atoms have been found to bind to nickel{(I{}, but not to iron(lI) and cobalt(ii).

The chains linking the donor groups are generally o-phenylenic, ethylenic or trimethyl-
enic. Their length affects the geometry of the complex, in the sense that when the chelate
rings are five-membered (o-phenylenic or ethylenic chains), the angles at the metal (L(api-
cal}~M—L(equatorial)} are smaller than 90°, so that the metal is iocated below the equa-
torial plane of the resulting triponal bipyramid. With trimethylenic chains the metal lies on
the equatorial planc or even above it. The anomalous spectrochemical sequence (P >>5b >
As) found for the apical donors in complexes with five-membered chelate rings (EX) has

CH=~ CH~CH-AsMe,

¥ \ Yi—CH,f-CP‘;‘- Ch—~AsMe;
) CH/~ CH~ CH AnMe,
ZFhy fy
(L X7
K ¥ =P, As, 5b
¥ =P_As 5%
Z=P, A%

been attributed to the “compression™ of the apical donor towerds the metal orbitals, which
is greatest in the case of the large antimony atom?¥ . The normal spectrochemizal series

{P > As >> Sb) is found for analogous aliphatic lipands forming six-membered chelate rings
(LXI) (refs. 218, 221, 242).

The electronic and steric requirements of the donor groups influence the stability of the
complexes more than the chain length does. For example, although all three tripod ligands
QAS (LXI1)17, Qas (LXIII)**® and qas (EXIV)?'® with donor sets As, readily form stable
[NiLX] " complexes, in solution the ligand Qas displaces QAS from its complexes, proba-

Cr=CH = CH Akt
AS 7 X -y
A =CH—CH - CHA5Me,
ARy 7y Cmp CHy= CH — Relle,

ftxir A=PnR fL A
FEXIE) B =Me

bly on account of the greater donor power of the AsMe, groups compared with that of the
AsPh, groups?'®.

When the terminal denor groups are not equivalent (i.c. ane donor group is different
from the cther two, or ali three are different} a coordinative distortion or even a change in
coordination number may occur depending on the nature of bath the metal ion and the do-
nor groups. For example, nickel complexes with the ligand NOP, (LXV)** have the oxy-
gen donor weakly coordinated at the apex of an elongated square pyramid (see scheme 8}
236,237 \whereas those of the N OP (EXVI) and N, SP (LXVII) ligands are planar, the meth-
oxy- and methylthio- groups respectively not being coordinated at all, except under partic-
ularly favourable solid state packing conditions?*_ On the other hand the complexes of co-
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fc H—CH— OCH, Ch CH.— MELs S
£
N~ CHy-CH 2PN, N CH-CH - YMe 'P\-\— - 7]:4
CroCnsPon, CHCHPPh, A
LAV (LXviy ¥Y=0 P \p"
FLAWIIE Y=5 Xiamw é“

balt, which has a very low tendency towards planar stereochemistry, are trigonal bipyra-
midal with all these three ligands2**2%8 _ With this metal a geometrical distortion towards
the tetrahedron is found®™, which is responsible for the high-spin state of its complexes,
Finally, to iflustrate the importance of the metal ion in determining the coordination
number achieved with these ligands, it should be remembered that the QP ligand {(LXVIIl},
which fonms only (ive-coordinate éomplexes with nickel(I1) and cobalt(II} under all condi-

(<D
£
FPhy A
[ 4

tions*5~ 27 will give six-coordinate complexes M(QP}X, with iron(Il), when the coordi-
nated anions are CN™ and NC§™ 21321

Typical linear open-chein tetradentate ligands which form five-coordinate complexes
are PSSP (LXIX)%2%3 PNNP (LXX)**-%%* and BDPI (LXXI)}**. With this type of ligand
the planar structure [ML]?* is alternative to the five-coordinate [MLX]* — in fact {NiL]**

CH, M\z Me
” se  CHH.C
Hﬁ Ty h-s / : LY e F_C\
. : 2 H < i
HC—S  S-Ch, S '\C NN
CH, H. s ~
u_-(i‘. (IZH: il ; CHy ?H:
rC. B N S S ki
PP PP N
A PEh.  BRP Pen, P,
I J) NEZT
L XX

and somne times also [CoL)** complexes have been obtained?*372% Consistently, the
planar ring-substituted CoSAlen complexes (Z-SALen shown as LXXII) have a sirong ten-
dency to increase their coordination number, as is shown by their well known oxygen-car-
rying ability®*”. A form of CoSALen, inactive towards oxygen absorption, has been found
to be dimeric, five-coordinate, with bridging oxygens (see scheme 9)*%2% Also five-coor-

No----zz N
CH,_—CH; ," \CO/,"
_ \ R
/\/ECH-N n:nc\/\ 0_---1-0
Z“c -7
OH ”0*‘/' ,O{+__-—p
L XX oot
s L
N{——"“N
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dinate are the monoadducts with pyridine®*®, and some hydrate complexes®¥?. The fact

that most of these complexes are low-spin, even though the donor atoms are of the high-
spin type, can be ascribed to apical elongation of the square pyramid in addition to the
presence of a relatively strong field in the basal plane. Probably the anomalous magnetic
behaviour of some of these complexes®® is also related to these structural factors.
Macrocyclic ligands containing nitrogen {tmac, LXXII12! CR, LXXIV?%2% 3nd CRH,
LXXV?$%25%) or sulphur (TTP, LXXV1*7} as donor atoms may also form five-coordinate

" CHy
Me  CH, Me Me /(1 Me Mz /(j\ e e e
- ~ - '3 2
re—c” Tch SeT TR ek Nse” s 0§
L |- 1 It M f I..H - g
H;’C—N N—Cﬂ, /N N ,N NH =.C CH,
“{C\ ICHJ M C n i, H*? - ?Ht " é éH
- - | i +
R I g e
AN H oy i
Mg CHy Ma (LA XIVE LRV 2 \‘cﬁ 2
H
LXKt} LAV

complexes. Again their low-spin state is ascribed to a strong apical elongation of the square
pyramid; this has been confirmed by X-ray structures®>»2% of the complexes [Ni(CR)X} "
and {Ni{CRH)X] ™. 1 should be noted that these macrocyclic ligands do not sterically hin-
der the achievement of six-coordination so that, together with live-coordinate MLX]" spe-
cies, six-coordinate tetragonal MLX, complexes have also been isolated?¥2 257

(b} High-spin complexes

Tetradentate ligands with the same structural characteristics as have been discussed
above, but with donor atoms such as oxygen and nitrogen, form high-spin five-coordinate
complexes. The stereochemical influence of the skeletat geometry and of the size of the
donor groups in tripod-shaped ligands is clearly exemplified by the characteristics of the
metal complexes with the following ligands which have an N, donor set: tren (LXXVIE),
Megtren (LXXVIII), Etg tren (LXXIX), tpt {LXXX), Megtpt {LXXXI), Me, tpma {LXXXI{)
and Me, tpma (LXXXIII).

CH—CH—NR, CH—CH—CHANR, C”sQ
/ N

N\_CH.‘_CHF'an N—CH—~CH—CH-NR; / R
5 =

CH;~CH-NR, CH,~CH~CH~NR, N—-CH,Q

(LXXVIE R=M FLXXX] R=w M

XXV RA=wda FEXXXFE R=Me - W

¢ XX R=Er C“:@
M

&
CLXXXAF R=H, R=Ms
fEXexN;  H=R=Ma

The first three ligands have identical chains {ethyvlenic), so their different coordination
properties depend both on the bulkiness and the nucleophilicity of the donor groups. The
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Me, tren ligand forms five-coordinate [MLX]" complexes with all the bivalent 3d ions™**~
263 whereas the unsubstituted tren ligand (R = H) forms six¢coordinate iron(II} and nick-
el{11), and five-coordinate cobali{11}, copper{ll) and zinc(Il} complexes, according to the
specilic preference of these metal ions for a given stereachemistry™* . A further increase
in the size of the donor groups, as in the ligand Etg tren, does not introduce appreciable
changes in the trigenal bipyramidal structure of the complexes*** . However, the steric ef-
fects show up with the nickel thiocyanate complex Ni(Ets tren)(NCS), in that the ligand
behaves as tridentate with one free arm, and both thiccyanate groups are bound to the
metal*™. Qwing to the large coordinating power of the NCS ion, bulky or weak donor
groups of fetradentate ligands are often prevented from bonding?’®¥%3 727

The ligands tpt and Meg tpt possessing trimethylenic chains are more flexible than the
carresponding tren derivatives with respect to the metal-ligand moiety%*~%%7. For exam-
ple, the N(apical)—Co—N(equatorial) angles of [Co(tpt)X] ™" are larger than 90° (ref. 267),
whereas [M{(Me,tpt)X]* (M = Co, Ni) are presumably distorted towards a “capped’ tetra-
hedron (N(apical)—M—N{equatorial) angles smaler than 90° (ref. 265)). In solution the
[Co(Me, tpt)X] ™ complexes become tetrahedral with the apical nitrogen not bound?®®*®.

The Me, tpma and Me; tpma are pyridyl analogues of the tren series. In this case the in-
creasing steric requirements of the ligands result from methyl groups substituted at the 2-
position of the pyridine rings. Whereas the unsubstituted tpma ligand is reported to form
six-coordinate nickel complexes, five-coordinate species are preferentially abtained as the
number of methyl groups is increased'”® . However these ligands often behave as tridentate
with a non-caordinating donor group, depending on the nature of the X anion'®®.

The presence of different donor atoms in the donor set of these tetradentate ligands may
give rise to either coordinative distortion or other stereochemistries depending on the do-
nor groups involved, on the metal ion and on the X ion. For example, the N3P ligand
LXXXIV gives rise to [NiLX]* complexes which have been isolated in two isomeric forms;
one form being five-coordinate high-spin and the other planar and diamagnetic with one di-

CH—~CH~NEY,
- CH~CH-KES,
CHe CR—YPh,

reXxrEsLet =R
FLXXEY! YEAS

ethylamina greup uncoordinated?**?%%  The latter isomer is predominant in solution and
its proportion vades with the X ion in the order I € Br <{ CI (ref. 269). With the Nj As lig-
and LXXXV only the iodo derivative is five-coordinate?**, the chloro, bromo and thio-
cyanato derivatives being planar with a free diphenylarsino group®>?™ . The dislinctive
behaviour of the iodo complex has been related to the soft character of the jodide ion which
favours the coordination of the soft arsenic atom??3.

With cobalt, however, trigonal bipyramidal complexes have been obtained with all the
above ligands.

The ligands N3O (LXXXVI), N3 S (EXXXVii), N; O, (EXXXVIH), N, S, (LXXXIX]),
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}:H,— CH,—NEt, FH,-— CH,~NEr, CHzCHzQMe CH— CH 50
Vi
N\—CH;—CH‘—NE‘(, N\-' CHy CHy YMae M—CH;— CHy— OMe M- CH—CH- SR
hY
CHCrmYMe CHimCHym YMe Ch,—CH— OMa CH-CH-5R
fLXXXVI) ¥=Q XXty ¥=0 (XCs (xCI:
(LXXXVHE Y=5 (L XAXIZ) Y=5 F=Me E1,v—Pr

N-O, (XC) and NS;-R (XCI) are able to form cobalt and nickel complexes with several
stereochemistries?™?8%28t quch as: (1) five-coordinate [MLX]™ species; (2} five-coordi-
nate ML(NCS), species with the lipand acting as tridentate (in general, an ethereal or thio-
ethereal group is nat caordinated)*™?™ ; (3) six-coordinate MLX; species (X = halogen,
NCS); (4) polymeric six-coordinate [(MLX),,]”* species. From this it can be concluded
that the steric hindrance of the terminal donor group decreases in the order Et; N > SMe
> QOMe, since the tendency to attain six-coordination as opposed to five-coordination in-
creases in the order {Etstren) < N3S < N3O <N, 5; <N, 0, < NS;-Me <N-Q; (ref. 273);
also, with the same ligand, six-coordinate nickel complexes and five-caordinate cobalt com-
plexes are often obtained®™, This is the case with the ligand NS;-Me (ref. 280); however,
if the size of the S—R group is increased {e.g. R = iso-Pr. tert.-Bu}, {ive-coordinate nickel
complexes are obtained?®!,

Noteworthy is the behaviour?™®2%" of the ligand bdhe {XCEI), which undergoes depro-

ChHy— CH,—MET;
/
N Cin— CH s NEY,
CH~Cr—OhH
fxCity

tonation with nickel perchlorate, forming a complex with the empirical formula Ni(1L™)
ClO, . A structural analysis? ™27 has shown that five-coordination is achieved via dimeri-
zation through two oxygen bridges (see scheme 10). Such behaviour has aiso bgen encoun-
tered with bidentate ligands containing hydroxy groups (SAL-NMe,, catec, qG).

Passing now to open-chain ligands, particularly interesting is the behaviour of the ligands
tet {XCI11¥?%52%6 and dacoDA (XCIV)?2~2%  Both form planar nickel complexes, [NiL}**

N~H.C

X
CH. y 7
/Ch.‘,"' C{": CHCH, CHy=CH, N H,CT ey, /\,N\
. b ’ . - -
H.N CheN H, e \ TN ! } = 1——\““

"OOC—CH‘—N\ N—CH~COO0 QFF—N

!
- A R i
N e O Ou
H,0
e

NI

CHCh,
[P ot
I
1
and NiL respectively, in which planarity is imposed by the conformation of the diaza-cyclo-

hexane and diaza-cyclooetane rings. The axial addition of a fifth ligand is accompanied by
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a twisting or folding of these rings in such a way that hydrogen atoms of the chain are
forced into the opposite axial position, so preventing six-coordination (see schemes 11, 12)
{refs. 282—286). The {ive-coordinate structure of these complexes with nickel and cabait
is thus determined by intrinsic geometric factors of the ligand. However, in the case of the
tet derivative the NCS ion is able to form also six-coardinate NilL{NCS), , presumably be-.
cause of its smaller effective radius and stronger bonding abili ty 285-288

TABLE 5

Five-coordinate iron{il), cobali{l1) and nickel(Ii) complexes with pentadentate Jigands

&

Species” Metal Donor Physical state”  X-ray data® Notes
ion set with ref, with ref,

(i} Low-spin complexes

M{Z-SAL-DAES} Ni O,N-S c,5 {291,292) Z =H, 5-Br, 3-Me,
3MecO, 3-is0-Pr

M{TAAB-LN} Ni Ng ¢.5 {393,294}

M{TAAB-LS} Ni NsS €5 {293,294}

fii} High-spin camplexes

M(Z-SAL-R-DPT) Co N30 c,5 (295) X3 (295) R=H, Me
Ni c,s (295) INT(296-298)

M{TIB-R-DPFT) Co  NiS, 5 (299) R=H, Mc
Ni c,s (299)

{M(tpen}] ¥* Ni  Ng . (300) SP(301)

M(ddta)(OH») Co N3S; c (302)

Ni c (302)

2 The Hgand notartion is defined in the Abbreviadons list.
¢ denotes crystals, s solution.

€ Symbols for cemplete X-ray structures: SP denotes square pyramid and INT intermediate structure.
Indisect szucturai evidence {2.g. isomorphism with compounds of known structure) is indicated by
{X).

{v} Pentadentate ligands

{a} Low-spin camplexes

Although several types of ligand skeletons may be thought of for pentadenate ligands
25¢ their ability to form five-coordinate complexes (see Table S) is restricted by the fol-
lowing conditions: (1) the intraligand repulsion effects must be low enough to allow coor-
dination of all five donor groups to the central metal ion; (2} the crowding around the met-
al ion must be large enough to prevent a sixth donor group [rom bonding. Taking into ac-
count the difficulties in synthesizing such ligands, it can be well understood why five-coor-
dinate complexes with pentadenate ligands are not numerous.
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Low-spin five-coordinate structures have been proposed until now only for the coinplex-
es with Z-SAL-DAES (XCV)(refs. 291, 292), TAAB-LN (XCV1}, and TAAB-LS (XCVII)
( refs. 293, 294) whose donor atoms are mostly of high-spin character. The low.spin state

/CHl— H.C CH.—~ M0

o N/ Y
/Ch;——(:{t;/cn,—ctu ¥ P
Cr=n ) N=KC . .- o //C”—Q‘)
~N
i HO MG gy Mk
(XCV) N [
s -
a1 \@

I¥CWI ¥YSN—Ta
fXCWH YRS

can therefore be accounted for by partial coordination of the apical donor atom of an ap- .
proximate square pyramidal geometry. In the case of Ni(Z-SAL-DAES), however, some
paramagnetism has been observed so that the posgibility of spin-isomerism cannot be ruled
out??. On the other hand the analogous Z-SAL-DIEN ligand, where sulphur is replaced by
an NH group, forms only planar complexes with nickel, with the central nitrogen not bound
22 The complexes Ni{ TAAB-LN) and Ni{ TAAB-LS) are obtained by alcoholysis of the
imino groups of the planar complex Ni{ TAAB) with the diols bis(2-hydroxyethyl)methy!-
amine or bis(2-hy droxyethy!)sutphide?"%?% _ Although the apical nitrogen or sulphur is
presumably weakly coordinated, they are believed to be responsible for the template effect
leading to the “basket-like” ligands?®,

{b) High-spin complexes

Reaction of ring-substituted salicylaldehyde or 2-thiolbenzaldehyde with bis{3-amino-
propy!l}alkylamines yields the pentadentase ligands Z-SAL-R-DPT (XCV1I)*%*~2% angd
TIB-R-DPT (XCiX)*®. ln these ligands, in contrast to the above-mentioned Z-SAL-DIEN,

H
M C—H:C | GH—CH,
N ~

N

-
H:C ["aF}
|

i
CH—N N-HC
£ 1
¥ A

LRCVHE  YEDOH, AsH Me
FXCIR) T=5SH B=rMe

the flexibility of the trimethylene chains allows the central donor atom to coordinate eas-
ily in the axial position of a rrans quasi-planar bis-salicylideneiminate-type moiety. As a
result of this coordination, the R group may point towards either of the two aromatic rings
(see scheme 13), The structure of Ni(SAL-Me-DPT) shows two different N(R)-Ni-O angles
(106, 113°) so that the two aromatic groups are geometricaily non-equivalent®***”, Two
isomeric forms are thus obtained, differing in that the R group points towards either the
first SAL group {angle of 106°} or the other SAL group?®’. In solution, two PMR signals
for each aromatic position are observed??®, which can be accounted for by either of two



380 R. MORASSI, 1. BERTINI, L. SACCONI

alternative models; (1} two different N(R)-Ni-O angles but with the R group pointing to-
wards one aromatic group only (if both isomers were present, four signals for each position
would be expected): (2} equal (or averaged} N(R)-Ni-O angles, the non-equivalence of the
SAL groups resulting from the fixed position of the R group (if this were averaged too, one
signal for each position would be expected)*™.

Since the PMR spectrum of the analogous TIB derivatives shows only one signal for each
aromatic position at higher temperature, it has been suggested that model (2} is the more
probable, with a ligand conformational rearrangement which allows the two aromatic moi-
eties to average their non equivalence during the PMR resonance time?%”.

The ligand tpen {C) should also be mentioned since it is the only reported pentadentate

| )—CH~CH; CHCH, CH=CHy
Q R R CH‘_Q
/N N\
Ocnrcﬁ_. 3
H

Cs

ligand which gives a cationic complex, [Ni(tpen)] ", with a square pyramidal structure®® 3,

TABLE 6

Spin-isometric five<oordinate tron{I1}, cobalt{I]) and nickel(1I} compleres

Species? Metal Doner Physical stnteb X-ray data® Notes

fon  set with ref, with ref.,
M{pnp)X, Fe PaNX, e,s{161) X =1 NCS

Co 5 (161,303 X=DBr, 1

Ni o5 {161,304) X=cCl
M{pmp)Xa Co P NX, c,s{162} X = Br, NC5

Ni cs{162) X =NCS
M(R-nnp)X, Co N:PXsy ¢ (205,206} SP{207} R=H, X=NCS
M(SALoph)B Ceo NpO{B)  c,5(305,306) B = R-py, R-imz,

PPh3

M{SAlen)B Co NaGo(B) ¢,s {306} B = R-Py, R-imz

9The figand notation s defined in the Abbreviations list.
< denotes crystals, s soluton,
€ SP denoies square pyramidal structure.

{vi) Spin-isomeric complexes

As outlined in the Introduction, the factors determining the spin state in five-coordinate
complexes are the nature of the donar groups, and the geometrical or coordinative distor-
tions, if any, of the chromophore® . When 2 proper balance of these two factors produces
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an energy gap of the order of magnitude of kT between the lowest high- and low-spin lev-
els, the population distribution over the two levels is temperature-dependent, and so are
the magnetic properties. Under these conditions, the complexes are said to show spin-equi-
librium, or spin-isomerism**™3%  In order to locate the magnetic cross-over range between
high- and low-spin complexes, and possibly to obtain spin<isomeric complexes, the donor
groups in five-coordinate complexes have to be systematically varied. We have already seen
that the semi-empirical parameters of the donor atoms, ie. the overall electronegativity
(Zx) and the overall nucleophilicity (%n?), correlate well with observed spin states>!!,
However, it is not possible, at this time, to predict the distortions which may occur when
the five-coordinate chromophare is formed and which have a direct effect on the spin state,
Thus, even though a donor set having a Zx or £n® value close to the crossover range is
chosen, the formation of a spin-isomeric complex is still a matter of chance. For example,
the complex [Co(NP3)] " is low-spin when the counteranion is [~, BF, ~ or PF; - but
high-spin when the counteranion is BPhsy — (refs. 226--231). The {ormer complexes have
a definite squate pyramidal geometry**™??  whereas the latter is trigonal bipyramidal with
a very large tetrahedral distortion (the Co—N(apical) distance is 2.74 A and the N(apical)
—~Co-P angle is 74°) which accounts for the high-spin state>*™3%®_ A temperature-depen-
dent configurational equilibrium between the two limiting geometries exists in solution,
with which a change in spin-state is associated?*3%

Lipgands giving rise to five-coordinate complexes which are spin-isomeric in the solid state
are the tridentate pnp (CI), pmp (CI!}, and H-nnp (XLV). Among the M{pnp)X, complexes,

- ™ . -
CH, H,C M H.C.
t Pl ~—

PEh, Ph,P obh, Pn. P
o 2alt 7]

the spin state is determined by the nature of X. The nickel complexes are low-spin when
X = Br, I, whereas the chloro derivative shows spin equilibrium'**% ; the cobalt chloro
derivative is high-spin whereas the bromo and iodo derivatives are spin-isomeric**"*%; fi-
nally the iodo complex of iron shows spin equilibrium, whereas the chloro and bromo de-
rivatives are high-spin’®'. Complexes of the pmp ligand show similar behaviour, although
spin equilibrium does not necessarily occur in the same halo derivatives as those of pnp'®2.
Perhaps the most thoroughly investigated spin-isomeric complex is Co{H-nnp{NCS},.
It is essentially low-spin at 77°K and high-spin at 418°K (zef. 205). The continous varia-
tion of the magnelic properties is associated with changes in the visible and solid state in-
frared spectrum, the latter particularly in the {N—H} and #{C=N) regions?***®  Two sep-
arate sets of bands, whose relative intensities are temperature-dependent, are observed in
each repion. This suggests the presence of two molecular species (e.g. high- and low-spin
species differing in bond distances) in equilibium?®2%3®  However, an X-ray structure
of this complex at room temperature has shown only one kind of molecule with normal
thermal parameters®®”. This apparent contradiction points out the lack of any completely
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satisfying model in this field, and indicates the need for further work to clarify the current
delbate on spin-isomeric complexes.

In contrast, the analogous Co{Me-nnp}{NCS), complex is fully high-spin® . The major
structural difference between these two complexes is that the latter complex is closer to a
tetrahedrally distorted trigonal bipyramid, whereas the former one is closer to a slightly
elongated square pyramid®®’. The influence of the geometry on the spin-state thus paral-
lels that observed for the [Co(NP; )] Y series®.

It is quite difficult to rationalize, in terms of bath structural and ligand field parameters,
the behaviour ef the five-coordinale monoadducts of Co{SALen) {SALen shown as LXXI1I)
{ref. 306} and Co(SALoph} (SALoph shown as CH)3%5:3%

CrH=MN B =G
WL

Lty

These complexes are found ta be high-spin, low-spin, or spin-isomeric, depending on both
the salycilaldimine substituent and the fifth {axial) donor group3%%*%  Probably the rela-

tion between the donor properties of the axial and planar donars, although not complete-
Iy understood, accounts for the observed magnetic properties.

C. RECENT ADVANCES [N SPECTROSCOPY AND MAGNETISM OF FIVE-COORDINATE
NICKEL(II) AND COBALT(Ii} COMPLEXLS

As soon as spectral data became available for five-coordinate complexes, ligand field
calculations were performed in an attemp. to assign the spectral bands and te account for
the magnetic properties®® 3% Since the complexes have a symmetry lower than cubic,
two radial integral parameters {f, and B4 in the ¢rystal field model, or equivalent parame-
ters in other models} are necessary 1o describe the effects of the ligand field, in addition to
the usual nephelauxetic parameter®. The B, parameter can be related to the octahedral Dy
through the relation Dg = 4B, /6, and this value can be considered to be transferable to dif-
ferent symmetries for the same donors®. The B, integral must be parametrized, as the 8,/
B4 ratio is expected to vary in the range 1—5 (ref. 316).

Ligand field calculations ¢n five-coordinate Fen, Coll and Nilf coniplexes were first per-
formed by Ciampolini et al.>’*2'? and Venanzi and co-workers®'??**_ for high-spin and
tow-spin complexes respectively. Numerous contributions have been made to interpret
more individual cases, They are reported in the excellent reviews by Fugani' and Ciam-
polini?. Recent papers by Gray and co-workers*'»3'® and Ferraro et al.>%%® discuss the
temperature dependence and the pressure dependence of ligand field spectra of low-spin
five-coordinate nickel(1l) complexes.

Quite recenltly, single crystal spectral and magnetic measurements have been carried out
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on some representative high-spin nickel(II) and cobalt(If) complexes?®>*21 73  Since these
experiments establish the validity of the ligand field model in this class of complexes and
definitely confirm the assignments proposed, we shall discuss them in some detail.

(i} High-spin nickei{I] ] complexes with square pyramidal geomnetry

An energy level diagram for the triplet terms of the nickel(If) ion surrounded by five
equivalent dipoles arranged in a square-pyramidal geometry is shown in Fig. 4, together
with the effects on the enerpy levels of varying the B, (B4 radial integral ratio, the Dg(api-

\‘*\35 .
3
Ry 7 \
1
Ai’

Energy, kK

PR S T T W W S U N — Lo 14t | I I | L1 1 |
05 10 15 200 %t 23 4 OF 10 14 5S09500105 08 06
0q, kK Bp/8 O%p/ Dpg o B

Fig.4. Energy level diagram for a nickel(l1} ion in a ligand field of Cqy symmetry (B3/B4 = 2, a= 100°,
6=0.80,Dqap= Dqtas). From left to right, the effect of changing the B, /8,4 ratio, the anprQbas ]
ratio, (he apical angle o and the nephelauxetic parameter 8 (for Dgpys = 1.0 KK).
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Fig.5. Single<crystal polarized electronic spectrum of the [Ni{PhaMeAsQ)4 NO3[NO; complex at 80°K.
A, 1 polarized; B, U polarized) {ref. 321}.

cal)/Dg(basal) ratio, the apical angle a and the nephelauxetic parameter § (ref.322). The
ground state is an orbitally non.degenerate * B, level which gives rise to transitions either
not allowed or normally polarized {with respect to the Cy axis).

TABLE 7

Observed and calculated band enezgies for {Ni{PhaMeAsQ) NG5 ] NG {ref®)

Frequency {kK)

Assisnment {Cau) Polarization (Cap) QObserved Calculated (Cgy)
3g, ~ 3E(F) Perpendicular (< 5.5) 3.89

24,00 Forbidden 8.2 8.33

3g.¢F) Forbidden 9.3 9.14

3peR) Perpendicuiar 11.9 11.57

3447 Forbidden 19.0 19,29

3P Perpendicular 22.9 22.56

a Paremeter values: Dgpas = 1.05 kK, Cp/Dyg = 3.0, Dqp/Davas = CPap/CPbas = 0.8, B =0.85 kK,
a= 105 {ref. 321}.

Single-crystal polarized spectra of the [Ni(Ph;MeAsO)sNO:] NO; complex are shown
in Fig.5, and the praposed assignment is reported in Table 7 {ref. 321}. The polarization
properties agree satisfactorily with those expected. Because of the large number of parasme-
ters involved in the calculations, there are several combinations of parameter values which
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give a reasonable match between observed and calculated frequencies. However a critical
examination of the dependence of the energies on the variation of parameters, 2nd of the chem-
ical significance of the parameters, may be of help in choosing the most reasonable parame-
ter set. The energy fit reported in Table 7 has been obtained with the following set of para-
meters: Dg(basal) = 1.05 kK ;@ = 105°; 8 = 0.82; B, /Ba = 1.75; Dg{apical)/Dg(basal) = 0.8.
It should be noted that the apical angle has also been parametrized in that it may be differ-
ent from that actually found by X-ray analysis owing to second-nearest-neighbour effects3?!,

A 3?8 ground level should produce a spin-only value for the magnetic moment. How-
ever, this level is mixed with the excited £ levels through spin—orbit coupling. A complete
treatment inclusive of spin—orbit coupling was performed by Gerloch, Lewis, et al., to ac-
count for the magnetic anisotropy of the {Ni(Ph; MeAsQ), NG, NGO, complex®¥!. A par.
tial energy level schemne resulting from successive spin—orbit and Zeeman perturbations is
presented in Fig.6. According to this model®*?, the molar susceptibility components (ne-
glecting TIP contributians) are given by:

NBZ Se—BfkT
Xg B
KT 1+2¢~8/%T
2 4 _ ,—8/kT
xlan, 44° 1 —e¢
5 1+42e70/T
whare
5 m[(\/s* €D * V3@, (V5e) +V3 (cl))z} \2
B B2
and
e
"
3]'_
B30 | &
3 2pH
R S A R K
N Ms=t? e -2pH &
\“ 6
B
M= © T -2%2]'32112
crystal spin-orot Hy Hy
field eouphing
HM

Fig.6. Sp!itlinEJf the 331 term under the effect of successive spin--orbit coupling and magnetic field
perturbations™ .
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A 5\/5__5?_\_ [(\/5(51)"' \/3(‘72}}2 +§£‘£2_— 3(."12}
2 Ay A,
{c; and ¢, are diagonalization coefficients).

These formulae probably overestimate the second-order perturbation because of the
proximity of the excited levels. However they show that a large orbital contribution is pres-
ent, which may provide u.¢r values as large as 4.0 B.M. In fact the magnetic moments lor
square pyramidal nickel(II) magnetophores®®*~*? range from 3.3 to 3.7 BM.

20+ 3,1

2 1
R,
an
151 3 he—
3o
£,
S — I E

Energy, kx

Y I N N N W S T N T PR S VRN SN Ny N N
o5 10 14 808580 D& O5

Oq, kK 92/ g, Ddyy/ Beq o jo)

Fiz.7. Energy level diagram for 2 nickelII} ion in a ligand field of Dy, symmetry (B2 /Bs = 2, 8 = 0.80,
Daax = Dgeq). From left to right, the effect of changing the 83 /84 ratio, the Dqax/Dgeq ratio, the api-
cal angle o and the nephelzuxetic parameter g (for Ogeq = 1.0 kK).
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(ii} High-spin nickel(Ii } complexes with trigonal bipyramidal geometry

An energy level diagram?®® for the triplet terms of nickel(Il) in D,y symmetry is given
in Fig.7, together with the effects of varying: {(a} the B, /B, ratio; (b) the Dg(axial)/Dq
(equatorial) ratio; (c} the apical angle a; and (d) the nephelauxelic parameter 5. Spectra of
chromnphores with rigorous D3x symmetry have not yet been described. However, the
[tdi(Meg tren)X] X complexes exhibit a crystallographic Cs symmetry, with an apical angle
of 84° for the bromo derivative*?, Such a symmetry requires a *£ ground state, Unfortu-
nately the halide complexes belong to 2 monometric crystallographic group?$? | therefore
anisotropic mezsurements cannot be performed on these complexes. In contrast, the crys-
tals of [Ni{Megtren)NCS] NCS.aq are orthorhombic, and the chromophore may be regarded
as having approximate D3y symmetry®?,

The single-crystal polarized spectra for this complex are reported in Fie.8, together with
the proposed assignment®? which agrees with the assignment previously proposed by
Ciampolini et al.*!, and later by Wood®'*, For the 3£ pround level, under spin—orbit cou-
pling and Zeeman effects (Fig.9) (ref. 323), the following susceptibility components are
calculated®®® | neglecting TIP contributions.

_Nﬁz 12(462.?\1'}(7- + 1)

Xi T 2NKT L | 4 g INKT

Wwavelength nm
1300 1000 8GO0 s00 500 400
T —r— T T T

Ablorpance

fraquency , kK

Fig.8. Single-crystal polarized electronic spectrum {A, mostly 1 polarized; B, mostly k polarized) and
diffuse reflectance spectrum (c) of the [Ni(Megtzen}NCS] NCS.H, 0 complex, with the proposed assign-
ment in Dy symmetry {for B3/Bq = 1.5, Dg,x = Dgeq = 1.25 kK, g = 0.75) (ref. 263}.
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Fig.9. SpIitLin§ of the 2 term under the effect of successive spin—orbit coupling and magnetic field
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Mﬁz e?.h{KT_e—E;\{KT

L e2MKT 4y 4 o= 2AMsT

These formulae produce magnetic moments larger than observed. This has been attri-
buted®®® to £'~F" mixing under C3, symmetry, the states of F" being eigenfunctions with
M; = = | while the ground state eigenfunctions have My = * 2. As an alternative, the C,
symmetry of the halo complexes may be the result of a dynamical distortion which would
allow for the ground state to be split?®.

(iif} High-spin nickel{Il ) complexes with intermediate geometry

Chromophores with geometries intermediate between the TBP and the SP are quite nu-
merous. Unfortunately they are difficult to handle owing to their low symmetry. An ener-
gy level diagram®* for €5, symme try is shown in Fig.10. The N3O, chromophore of the
NiSAL-MeDPT complex has an approximate Cy, symmetry if the aliphatic chains and the
salicylaldimine groups are neglected. The single-crystal polarized spectra of this complex?*
are shown in Fig. 1 1. The polarization properties are quite neat; however, they do not lead
to a straightforward assignment. Table 8 reports an assignment based on the diagrams of
Fig. 10 the values of the angles § averaged to 110°*.

Magne tic moment values of this type of compound are ca. 3.3 B.M,, i.e. generally lower

that those found for complexes with higher symmetries.

* A paper discussing the speciral assignment of NiSAL-MeDPT has recently appca.red"’”. A 382 ground
level in Cy ), symmelsry has been proposed in order to account for the polarization properties. How»
ever, the cotreiation between D4z and €y, symmetries requires, by symmetey restrictions, an 4
ground level (see Fig. 10).
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Fig.10. Electronic energy levels for the nickel{11} ion in Cay (left}, Dzj; (fight) and intermediate Czy
symrmetries, (Bs/Ba = 2 (1ef. 324).

TABLE &

Observed and calculated band encrgies for [NiSAL-MeDPT] (zef. 4

Frequency {kK}

Assignment {Cay) Observed Caleculated {(Cay}
i, - ipum (< 5.0) 4.0
1 S . -
SH,(F) 8.4 7.6
34,0 10.0 8.8
:Az(F} 12.0 13.4
B4{F) 15.8
3g(F) 16.8 { 166
3 44(P) 21.8
3p2(P) b { 25.2
1B, 26.6

@ parameter values: Dg = 1.3 kK, B1/Ba = 2, = 110°.
Masked by charge transfer ™.
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Fig.11. Single-crystal polarized electronic spectrum of the NiSAL-MeDPT complex along a. & and c*
crystallographic directions corresponding to ¥, z, and x polarizations, respectively {ref. 324).

(v} High-spin cobalt{ Il } complexes with square pyramidal geometrn:

An energy level diagram for Cas;- cobalt complexes is shown in Fig.12, together with the
effects of varying the ligand field parameters®*?, These diagrams show that there are sever-
al levels quite close to the ground level, which can be either the *A, or the *E. This situa-
tion renders more difficuit the assignment of the spectra of square pyramidal complexes
owing to the uncertainty of the ground level and to the mixing of these levels under the
spin—orbit operator. A tentative assignment was first proposed for the [Co(Ph; MeAsQ),
Cl0,]CiO4 complex on the hasis of the reflectance spectrum alone, assuming a * A4, ground
level*2. This assignment was eventually confirmed on the basis of single-crystal polarized
spectra of [Co(PhyMeAsQ}, NG, ] NQ; {ref. 325) (Fig.13). However, the polarization prop-
erties are not very marked, presumably because the 4 and E levels are very close, perhaps
within 1 kX, and therefore strongly mixed via A L.5.

Even the single-crystal anisotropic magnetic properties have been accounted for on the
basis of a thermal population of the two levels. Reasonable parameters®* which can de-
scribe the CoO; chrontophare are: Dg{basal) = 1,05 kK, Dg(apical)/Dq(basal) = 0.85, =
0.87, o= 106.5%, B3/Bs = 1.93, k= AfAp = 0.82.
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Fig.12. Energy fevel diagram {or a cobali(Il) ion in a ligand ﬁ_eld of Cy; symmetry (B3/84 =2, a= 100°,
8=0.75, Dgap = Dpag). From left to right, the effect of charging the 8,/B, ratic, the Dg,p/Dgpas
ratio, the apical angle « and the nephelauxetic parameter 8 {for Dgygae = 1.0 kKK) (ref, 322

{v} High-spin cobalt{If } complexes with trigonal bipyramidal geomeiry

An energy level diagram®®® for cobalt(Il) in D3; symmetry is shown in Fig.14. Trigonal
bipyramidal cobalt complexes of highest symmetry are the Me, tren halo derivatives, which,
however, are crystallographically monometric®® . The [Co(Me, tren)NCS] NCS.aq complex,
isostyuctural with the analogous nickel complex, has been investigated using polarized light
326 The polarized spectra shown in Fig.135 can be assigred on the basis of an effective Csy
symmetry. In the present case the assignment is rather straightforward as shown in Table 9.
Reasconable agreement has been obtained for B4 /B, ratios ranging from 1-1.7, 8= 0.65—
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Fig.13. Single-crystal polarized electyonic spectrum of the [Co{Ph;MeAsO)}, NO3INO; complex at 80°K
(A, § polarized; B, 1 polarized), with the proposed assignment in Cgy, symmetry {for Dgy, = 1.05 kK;
Dqap/Dqnas = 0.9; B2/Ba = 1.75;a = 108°; 4= 0.87) (ref. 325).

TABLE 9

Observed and calculated band energies for {Co{Megtren)NCSINCS.H; 0%

Frequency {kK)

Assignment {(Cyy) Polarization (C3y) Observed Caleulated £C3p)
4; - ‘4 Forbidden (< 4.0) 1.0
‘A,(F‘; Parallel {< 4.0} 3.6
E(F_} Perpendicufar 58 5.2
ey Perpendicular 148 14.8
40P Paraliel 16.5 16.9
AEP Perpendicular 21.0 20.9

7 Parameter values: Dqeq = 1.2 kK, Ba/Bs = 1.0, Danx/Dqeq = 1.05, a = 85°, 5 = 0.70 (reL. 326).

0.75, a = 80—-85"; Dg(axial)/Dg{eguatorial) = 0.95—1.05; Dg(equatoral) = 1.2~1.3 kK
(zef. 326). The vatues of these parameters agree well with those of nickel and are quite con-
sistent with those used for octahedral cobalt and nickel complexes with nitrogen donor
atoms®*S.

~ As menticned earlier, high-spin trigenal bipyramidal cobalt complexes are often dis-
torted towards the tetrahedron. The effect of such a distortion on the energy levels is shown
on the right hand side of Fig.14. There is a general compression of the levels and the order
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Fig.14. Energy level diagram for a cobaltuay fon in a ligand field of Dy symmetry (Bp/B4 = 2, 8= 0.75,
Dqyx = Dqeq). From ieft to right, the effect of changing the ;3 /8j ratio, the Dqax/Dqeq ratio, the api-
cal angle « and the nephelauxetic parameter g {for Dgeq = 1.2 kK)} (ref. 326}.

of some of them is inverted. This effect has been verified in Lhe spectra of the [Co(NP,)Br]
PF, complex which is highly distorted towards the tetrahedron {Fig.16) (refs. 278, 327).

The effective magnetic moments of this class of complexes range between 4.3-4.6 BM_,
owing to the orbital contribution of the excited £ levels?*®. A partial energy level scheme
under spin—orbit and Zeeman operators is shown in Fig.17 {ref. 322). The main suscepti-
bilities (neglecting TIP contrbution) and g values are given by

_NBE L +9e78/<T (5 _ 121’)
BT -&/T T TA
kT l+e -

B i)
x, = Ng?

i + e—ﬁ;"KT




394 R. MORASSI, I. BERTINIE, L. SACCONE

Wavelength ,nm

20001580 won  Beo 600 208 400
T T T T L4 T T

Absorbance farbilrary scale)

Frequsency, kK

Fig.15. Single crysial palarized electronic spectrum {A, mostly L polarized; B, tnostly I polarized) and
diffuse reflectance spectrum (C) of the {Co{Megtren)NCS]NCS.H, O complex ™,
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Fig.16. Single crystal polarized electronic spectrum of the [Co{NP3}Br} PF%{:omplex {A, mostly L polar
ized; B, mostly i polarized} with the pzroposed assignment in C'yy symmetry ™~ .
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Since the energy separation between the ground level and the excited £ levels decreases
with the axial donor strength, the ier is expected to vary in the order I > Br > Ci for the
Me, tren complexes, as it has, in fact, been found 1o do,
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