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2,2'-bis(/\’,N-dimethylamino)uzobenzene
diphenyl(o-diphenylarsinophenylphosphine
bis(2-diphenylarsinocthyl)amine

bis(2-diphenylarsinoethyl)sulphide
tris(o-diphenylphosphinophenyDarsine (LX)

acetonethiosemicarbazone

N—(Z‘-N'r ',N"~dimethylaminophenyl)-Z-N',N '-dimethylaminobenzylideneimine
N N-bis(2-diethylaminoethyl)-2-hydroxyethylamine (XCII)
1,3-bis(dimethylphosphino)propane (XII)
2,3-butandionebis(2-diphenylphosphinoethylimine (LXXI)
N,;V'-tetmmcthy!enebis(S-chloro'z-hydro.\'ybenzopheniminate)
2,3-(dibenzothiazol-2-yl)pyridine

benzoylacetone aryliminate

o-dihydroxobenzene

2,12-dimethyl-3,7.11,17-tetraazabicyclo{11.3.1] heptadeca-1(17),2,11,13,15-
pentaene (LXXIV)

2,12-dimethy!-3,7,11,1 7-tetraazabicyclo{ 11.3.1] heptadeca-1(17),13,15-triene (LXXV)
5,5,7,12,12,14-hexamethyl-1,4,8,1 1-tetraazacyclotetradeca-1(14),7-diene
5,5,7,12,12,14-hexamethyi-1,4,8,1 I-tetraazacyclotetradeca-1{14)3,7,10-tetraene
1,4-diazabicyclof2.2.2] octonium

1,5-diazacyclooctane N V'-diacetate (XCIV)
bis(3-dimethylarsinopropyl)phenylphosphine
2,6-diacetylpyridinebis(alkylimine) (LIII)
o-phenylenebis(dimethylarsine) (XVII)

dimethyldithiocarbamate (XXIV)
1,11-bis{dimethylamino)-3,9-dithia-6-azaundecane
bis[2-(Z-benzylideneimino)ethyl}] amine (XLIII)

dimethyl methylphosphonate

2,9;dimethyl-l.IO-phenanthroline (XXX

2,2 -dimercaptodiethylsulphide (XXXVIII)
1,4-bis(diphenylphosphino)butane

1,2-bis(diphenylphosphino)ethane (XV)

bis] 2-(2:-pyridyl)e thyl} amine (LV)

bis{2-(2 -pyridyl)ethyl] sulphide (LVI)
bis[2-(Z-benzylideneimino)propyl] amine (XLIV)
1,3-bis(diphenylphosphino)propane
bis(o-methylthiophenyl)phenylphosphine

dithiobenzoate (XXII)

dithiophenylacetate (XXIII)

cis-1,2-bis(dime thylarsino)ethylene (XVIID)

4-ethoxypyridine N-oxide (ViIl)

bis(2-diethylaminoethyl)amine (XLII)

5-ethyl-SH-dibenzophosphole (VII)

uis(z-diethylz'iminoethyl)amine (LXXIX)

ferrocene-1,1 -bis(dimethylarsine) (XX)

ferrocene-1,1 '~bis(diphenylarsixlc) {XI1X)

N-{ 2-(diphenylphosphine-oxide)ethyl} -N ,N' -diethylethylenediamine
bis{ 2-(diphenylphosphino)-3,4,5,6-tetrafluorophenyl] phenylphosphine
1,2-bis(phenylphosphino)ethane (XIII)
(N-isopropyl-aminomethyl)pyridine-2

1,2-di-(2 -pyridylethane (XXIX)

di-(2-pyridyl)disulphide (XXVIiI1)

2,5-lutidine V-oxide (X}

w-methallyl
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MeDPT
Mephos
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mpde

mpdo
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N-(2-N" N'"'-diethylaminoethy!)-2-V -methylaminobenzylidencimine (L)
2-(6-methyl-2-pyridyl)benzothiazole
N-methyl-1,4-diazabicyclo{2.2.2] octonium
bis(2-dimethylaminoethyDoxide (XLVII)

bis(2-dime thylaminoethyDsulphide (XLVIID
bis(2-dimethylaminoethyDmethylamine (XL}

6,6 -dime thyl-di-(2-py sidy lmethyl)amine (L VII)
bis(3-aminopropylymethylamine (XLIX)
S-methyl-5H-dibenzophosphole (VI)
6-methyl-2-aminomethylpyridine

2-pyridylmethyl-di-(6-me thyl-2-pyridylmethy Damine (LXXXID
tri-(6-methyl-2-pyridyimethylamine (LXXXIID
tris(3-dimethylaminopropylamine (LXXXI)
tris(%«d&m%mylaminoathyl)aminc (LXXVIID
N~(2I-N'Jvl-dialkylaminocthyl)-z-methoxybenzylideneiminc {LII)
N«(3'-N' N dimethylaminopropyl)-2-methoxybenzylideneimine
a-N-methyl-S-methyl-g-N-(6-methylpyrid-2-yl)methylendithiocarbazate
I-{(o-methoxyphenyi)-2.6-diazaoctane
2-methyl-8-{(6-methyl-2-pyridyDmethyleneamino] quinoline

N-(2"-N' N'-diethylaminoethyl)-2-methylthiobenzylideneimine (L1}
1.8-naphthalenebis(dimethylarsine) (XD
tris(2-diphenylarsinoethyl)amine

N, N-bis(2-diethylaminoethy])-2 -diphenylarsinoethylamine (LXXXV)
N-(3"-diphenylarsinopropyl)-2-me thylaminobenzylideneimine
N~«{3'—diphenyIphosphinoprcpyl}-z-methy!aminehenzyiideﬁeimme
tris{2-methoxyethylamine (XC)

N, V-bis(2-diethylaminoethyl)-2 -me thoxyethylamine {LXXXVD)

N N-bis(2-methoxvethyl)-2 -diethylaminoethylamine (LXXXVIII)

N N-bis(2-diphenylarsinoethyl)-2 “methoxyethylamine

N, ,N-bis(Z-diphenylphosphinoethyl)-2'~mexho.\'ye thylamine (LXV)
N—(Z—diphenylphosphinoethyi)—N-(Z‘metho.\'yelhyl)-N',N'-diethylethylencdiamine
{(LXVD

tris(2-diphenylphosphincethylDamine (LVIII})
N,N-bis(z-diethy!aminoethyl)~2'—diph§:nyiphosphinocxhylamine (LXXXIV)
NJV-bis(2—diphenylphosphino‘ethy!)a -diethylaminoethylamine (LIX)
N N-bis(2-methylthiocethyl)-2 -diethylaminoethylamine (L XXXIX)
N,N-bis(?.-diethylaminoethy1)~2'-methylthioethylamine (LXXXVID
3-amino-1-(8'-quinolyl)-1-thiapropane .
N-(2-diphenyiphosphinoethy!)-V-(2-methylthiocethyl)-V N -diethylethylenediamine
(LXVID

tris( 2-alkylthioethyllamine (XCI)
N-(3'-diphenylarsinopropyl)-2-methoxybenzylideneimine
N-(3'-diphenylphosphinopropyl)-2-methoxybenzylideneimine
N-(2-methylthioethyDsalicylaldiminate (XL)
N~(2'~N’,N'—dialky!aminocthyl)pyridina!dimine
2-{di})heny!phosphinoamine}-4-methylgyridine

N-(2"N N'-dimethylaminophenyDpyridinaldimine
pyridine-2-aldehyde-2-pyridylhydrazone

2-phenyli-isophosphindoline (1iI)
2-«(diphenylphosphinomethyl)pyridine

2-picoline N-oxide (1X)

piperidine

3,6-bis{diphenylphosphinomethylpyridine {CI)
o-dimethylaminophenyl-diphenylphosphine (XXVII}
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PNNP
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PSSP
PTAS

Py
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QAS
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qo

QP
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R2 d tp
R4dtpi
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R-nnp
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R-PNP
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SAlen
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SALoph
SALphen-NR,
SAs 3
SBTAS
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SBTP
SeP
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SNNAMe
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SNS

Sp
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stars
TAAB-LN
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TAS
TDEH,
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tet
TIBP
TIB-R-DPT
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N,N'-bis(Z‘diphenylphosphinoethyl)—N,N'-dimethylethylenediamine (LXX)

2,6-bis(2-diphenylphosphinoethyl)pyridine (CI)
2,8.9-trioxa-1-phosphaadamantane
bis(2-diphenylphosphinoethyl)sulphide (XXXII)
1,3-bis(3-diphenyiphosphinopropylthio)propane (LXIX)
tristo-diphenylarsinophenyl)phosphine (LX)

pyridine
2-(diphenylphosphinomethyl)-6-methylpyridine (XXX)
2,4-bis(2-pyridyi)thiazole
tris{(o-diphenylarsinophenyarsine (LXII)
tris(o-dimethylarsinophenyl)arsine (LXIII)
tris{3-dimethylarsinopropyl)arsine (LXIV)
Z-2-nitrosophenoxide
tris{o-diphenylphosphinophenyl)phosphine (LXVIII)
tris(2-diphenylphosphinoethyl)phosphine

quinoline

0,0'-dialkyldithiophosphate

diaryldithiophosphinate, dialkyidithiophosphinate
alkyl-imidazole, benzimidazole

N-alkyl-N-(2-diphenylphosphinocethyl}-V' N'-dimethylethylenediamine (XLV, XLVI)

10-alky1-10-phenoxaphosphine
bis(2-diphenylphosphinoethyl)alkylamine (XXXIV)
dith;oacetylacetonale (XXV)

NV ethylenebis(salicylideneiminate) (LXXII)
N-alkyl-salicylideneiminate (XX Vi)

NV -bis(salicylidene)-o-phenylenediamine (CHI)
N-(2-dialkylaminophenyl)salicylideneiminate
bis(o-diphenylarsinophenyl)-o-methylthiophenylarsine
tris(o-diphenylarsinophenyl)stibine (LX)
tris(3-dimethylarsinopropy)stibine (LXI)
tris(o-diphenylphosphinophenyl)stibine (LX)
diphenyl{o-methylselenophenyl)phosphine
N—(3'—diphenylarsinoproPyl)-z—methylthiobenzylideneimine
6-me’thylpyrid-2-yl-.=v-(2 -methylthiophenyi)methyleneimine
N-(3 -diphenylphosphinopropyl)-2-methyithiobenzylideneimine
N-(2-methylthiophenyl)-2"-methylthiophenylmethyleneimine
diphenyl(o-methylthiophenyl)phosphine
ethyl(2-diethylphosphinoe thyl)sulphide
dimethyl(o-dimethylarsinophenyl)stibine

tetrabenzo-{6.1,1}-4.8,12,16,20-pentaaza-17,23-dioxa-20-methyl-bicyclo[7.7.7] tri-

cosa-4,12-diene (XCVI)

tetratenzo[b.f,j.n]-4,8,12,16-tetraaza-17,23-dioxa-20-thia-bicyclo{7.7.7} tricosa-4,

12-diene (XCVII)

1,4,7,10-tetrabenzyl-1,4,7,1 0-tetraazacyclododecane
tris(3-dime thylarsinopropyl)phosphine (LXI)
bis(3-dimethylarsinopropylmethylarsine (XXXV)
thiodiethanol
1,1,1-tris(diphenylphosphinomethyDethane (XXXVI)
tetrakis(diphenylphosphinomethyl)methane (XXXVII)
1,2-bis(diethylphosphino)ethane (XIV)
2,2',2"-terpyridyl (LIV)

NN -bis(3-aminopropyl)piperazine (XCIHI)
tri-isobutyl-phosphate
bis{3-(2-mercaptobenzylidencimino)propyl] alkylamine (XCIX)
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tmac trans-2,4,4,10,12,12-hexamethyl-1,5,9,13-tetraazacyclohexadecane (LXXIII)
T™P trimethylphosphate

tpen NNV -tris[2-(2"-pyridyDethyl] ethylenediamine (C)

TPH bis(2-diphenyiphosphinoethyl)phenylphosphine (XXXIII)

tpt tris(3-aminopropylamine (LXXX)

tren tris(2-aminocethylamine (LXXVII)

TSP tris(o-methylithiophenyl)phosphine

TSeP tris(o-methylselenophenyl)phosphine

ttas bis(o-dime thylarsinophenyl)methylarsine (XXI)

TTP 1,4,8,11-tetrathiacyclotetradecane (LXXVI)

tu thiourea

VPP cis-1,2-bis{diphenyiphosphino)ethylene (XVI)

Z-SAL-DAES bis{ 2-Z-salicylideneimino)ethyl] sulphide (XCV)

Z-SALen NN -ethylenebis(Z-salicylidenciminate) (LXXII)
ZSALen-NR, N-(2-¥' N dialkylaminoethyl)-Z-salicylideneiminate (XXXIX)
Z-SAL-NR N-alkyl-Z-salicylidenciminate

Z-SAL-R-DPT  bis| 3-(Z-salicylideneimino)propyl] alkylamine (XCVTII)

A. INTRODUCTION

Both the experimental and theoretical aspects of five-coordinate complexes of iron(1I),
cobalt(I1) and nickel(H) 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 structural®®®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 five-co-
ordinate complex. Particular attention will be paid to the spin-state of the complex, in the
sense that high- and low-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 geometry of the complex.

Data from polarized electronic spectra and magnetic anisotropy measurements form the
basis for a 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 lengths. Next highest is the square pyramid (SP) with symmetry Cay which has
an additional structural parameter, the angle between the axial and equatorial bonds, de-



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

(a) (b) (c)

A! *‘A} ’A“

I 8,,_.. \ 8} \\ 8

T I = S A

\, / - —— / [ \ \\
] >
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Fig.1. Geometrical distortion of five-coordinate complexes: (a} trigonal bipyramid (D5, symmetry):
{b) intermediate geometry {Cap symmetry); {¢) square pyramid {Cayp symmetry).

signated the apical angle®® . Both theoretical and experimental work indicate that a “stan-
dard” SP has an apical angle of ca. 100° (ref.5).

Usually the symmetry of this class of compounds is less high. A common distortion
gives rise to a structure®” which is intermediate between the trigonal bipyramidal and that
of an idealized 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-
ly in Fig.2: apical elongation (type II) and tetrahedral distortion {type I11).

Obviously 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
Ny ~
P e ——:,82 - —\~Q::;_::-:-:B2
] e
(rr)
A, A,

B; “’-L “*%J‘ -
A T B%\"M’/?B:’
5 |

A Ay

(1)

Fig.2. Typical coordinative distortions of five-coordinate complexes: (II} apical elonzation in square
pyramidal complexes; (11} tetrahedral distortion in trigonal bipyramidal complexes.
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ticipate in any geometry whatsoever, polydentate ligands are subject to chelate effects. Bi-
dentate and linear open-chain or cyclic tetradentate ligands tend to form SP complexes. Tri-
dentate ligands generally give geometrically distorted complexes (type I), while tripod-like
tetradentate ligands are by their nature well adapted to form complexes of TBP geometry.

(ii) Spin-state of five-coordinate complexes

It is well known that five-coordinate complexes of iron(11), cobalt(1l) and nickel(I1) can
be high- or >w-spin in both TBP and SP geometries. For clarity, the electronic configura-
tions of each ion in fields of Dy and Cy, 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
low-spin ground terms may occur at relatively small values of 10Dq. 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 #-bonding ability of the do-
nor atoms. Thus, high-spin complexes are generally formed with hard donors (N, O, Ci, etc)
and low-spin complexes are formed with soft donors (P, As, I, etc.). A semi-empirical rela-
tionship has been found which relates the spin-state of five coordinate complexes of cobalt

Cay Dan
d 2
b, —n
y d;2 .
\ ; a;
A #
A ) F
\ ,
\ I'e
A .
d22 \) d ;
& I dxz 2 d‘
) _——/:m~\~\ “yTr Ry
2 duy 7 AN
’ N s — 0"
I, dKZ .dyz
dx2,8yz
ton  Configuration G;f:g‘g Configuration Gsr:g\:gd
re 4 let* (bz\z 'A, (eV(e'? 3A'z
! 2 N
{e)' (b, (a,) B, | (Ve {a}) Sg
{eV o, Ma, M) e
co {{e}* (bz’ﬁzfax} A, {e¥ ey %
{e) {b)a Mo} a, le"Y(eP(ay) “a,
N Ll (bR A, | e ,
t(e)‘ bl o] %8, | (WPl

Fig.3. Splitting of 3d orbitals and electronic configurations for Fell (¢®), Co!! (@7) and Ni!! (@%) in

five-coordinate complexes with C4y and D3j 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
(11) and nickel(I1l) complexes, but distortion involving bond length has a marked influence.
Type 11 dictortions generally favour the low-spin state, while distortions of type IilI, which
are common among cobalt(Il) complexes, favour the high-spin state®.

B. INCIDENCE OF FIVE-COORDINATE IRON(II}, COBALT(II) AND NICKEL(Il) 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 following
section regardless of the denticity of the ligand. The characteristics of the known five-co-
ordinate complexes of iron(1}), cobalt(Il) and nickel(Il}, are reported in Tables 1-6.

(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 among the various
ligands 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 determine 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 solution: ML3; X,, [ML,X] %, [MLs]1?", [ML;L']** (where L and L' are different
ligands), {MX;s]3™ and [M,Clg]® . A selection of examples is given in Table 1.

TABLE 1

Five-coordinate iron(ll), cobalt(ll) and nickel(II) complexes with monodentate ligands

Speciesa Metal Doneor Physical sta(eb X-ray data® Notes
ion  set and ref. and ref.

() Low-spin complexes

M(PHPh;)3X> Co P3Xz c¢s(12) INT(13)
Ni ¢,s (14,15) INT(13)
M(PMes)3Xs Ni P3Xa c,s (16—18) ,
M(PRR;)3(CN)> Co P3Cy c,s (19) R#R =Me,Et,
Ph, OMe, OEt,
OPh
Ni ¢,s (20-23) INT(24)
M(PPhEt;)3(C=C-Ph), Ni P3C; <(25) ,
M(PRR3)3(NCS), Co P3N,  c;s(26-28) R=R'=Me,Pr

R#R' =Et, Ph
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TABLE 1 (continued)

351

Speciesd Metal Donor  Physicalstate?  Xeray data € Notes
ion  set with ref. with ref.
M(PPhMe3)3X, Ni  P3X;  cs(29) TBP(30)
[M(P(OMe)3) 512 Ni  Ps cs (31)
[M(polyphos)s ] ¥ Ni P s (32,33) TBP(33)
M(phpin) 3 X, Co P3Xa  cs(34)
Ni ¢,5(33)
hi(:\‘CPhOS)st Co P3X2 C,(S) (36,37)
Ni c.(5) (36,37 INT,TBP(38,39)
x\l(ElphOS)3X2 Co P3X2 C,{s) 36,37)
Ni c.(s) (36,37) TBP(38,39)
M(R—-phenox)3 X Ni  P3X; c(40) R = Me, Et
M(PRR3)3X» Co P3Xa  c,s5(41,42,422) R # R’ =NMe,, F
M(PHEt;)3Xy Ni P3X, C,s (43)
[M(PHE1;)4X] ™ Ni  PgX c,(s) (43)
[M(PPR(OED;)a X] T Co P;X C,s (34)
M(PPh(OE1);)3(NCS); Co P3N,  cs5(44)
MCN)513™ Co Cg C,s (45-48)
. Ni . (49-52) INT and SP(53,54)
[M(PhNC)5]** Co Cs (c) (54a,54b)
(1) High-spin complexes
[M(PhaMeAsO) X1 Fe Os c,s (55) (X) (55) X = ClO4, NO4
Co c,s {55,56) SP(57)
Ni c.5 (55,56) (X) (55)
[M(Ph,MePO)4X] " Fe O s (55) (X) (55) X = Cl04, NO;
Co c,s (55) (X} (55)
Ni c.s (55) (X) (55)
[M(Ph3AsO)aX] Fe Os c.s (55) X = CiOg4, BF,,
Co ¢,s(55) ReOy4
Ni ¢.s (55,58,59)
[M(Ph3PO)s X] Fe Oj .5 (55) X = ClOg4, BF,,
NCS, I
Co c,s (85)
Ni c.s (55,58—-60)
[M(Me3PO)s] 3" Co Os c(61) (X) (61)
Ni c{Gl) X))
[M(Me3As0)s] %" Co Os c(61) Xy (61)
+ Ni cs(61) SP(62)
[M(Me3P0)4Cl0,] Fe Os c(61)
[M(Me3As0)4ClO4]1T  Fe c(61)
Ni c(6l)
(M(EPNO)s] ** Co Os c,s (63)
Ni c,s {63)
31(5?N0)3(N03)2 Co Os c (64)
[M(picox)s}3* Co Og c.s (65) TBP(66)
[M(picox)s] 52,’”' Ni s (67) (Polymeric)
{(M(lutox)s]** Co Os 5 (68,699
[M(lutox)s } 2™ Ni s (67) (Polymeric)
M(lutox), (NCSlz Co N;0O,S c(7O) Bridging NCS
[M(DMMP)g ) 2 Fe ' Og es(71)
[M(TMP)s] Fe O c.s(72)
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TABLE 1 (continued)

Spcciesa Metal Donor Physical state b X-ray data® Notes
ion set with ref, with ref,
Co c (72}
Ni s{72)
[M(TIBP)4(OH,)| ** Co Os c,s (73)
Ni c,s (73)
[MaClgl®™ Ni  Cls c(74) SP(75)
{MCL{(R-OW)] -~ Ni  OCly c{74) R = Me, Et
M(Me—dabco }B)X3  Fe  N(B)X3 c(76) (X) (76) B=H,0, NH;
Co NpX3 ¢(76)
Ni  NBX; c(76) TBP(77)
[M(dabco ), X317 Fe NpXz c(78) ‘ X =Cl, Br
Ni c (78) X=Cl, Br

2 The ligand notation is defined in the Abbreviations list.
¢ denotes erystals, s solution; parentheses denote uncertain assignment or, for solutions, equilibria

with other species.
€ Symbols for complete X-ray structures: TBP denotes trigonal bipyramid, 8P square pyramid and INT
intermediate structure. Indirect structural evidence (e.g. isomorphism with compounds of known struc-

ture) is indicated by (X).

The formation of [M(lutox)s]? 329

* species for M = Ni(I) has recently been reported’

{a) Low-spin complexes

Among the low-spin complexes, the most common stoichiometries are ML4 X,, [ML4 X]™,
[MLs]*" and [MX5]*~. The ML3 X, complexes are derived from phosphorus-containing
ligands (secondary or tertiary phosphines, phosphites, etc.). Since the occurrence of five-
coordination is restricted to a narrow range where electronic and steric requirements of the
ligands are properly balanced. phosphines and similar ligands 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 n-backbonding capability. On the other hand aliphatic substituents
have less effect on the m-backbonding 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 Et, PhP (1) (refs. 19, 21) does not
form ML; X; complexes (X = halogen) but the ligands Me, PhP (11) (refs. 29, 30) and phpin
(1IT) (refs. 34, 35) do. Presumably the smaller size of Me, PhP and the smaller steric require-

R CHa
JP—Ph Sp—pn
4 CH.

I R=Ft 177/}

{1} R=Me

ments of phpin with respect to Et, PhP are determining factors. Similarly Ph, MeP (IV)
and Ph, EtP (V) do not form ML3 X, complexes (with X = halogen)!®?!-?? but the ligands
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® ©

P—R P—R
v} R=Me (v/) R=Me
() R=Et Vi) R=Et

Mephos (V1) and Etphos (V1I), 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, etc), although their role is not quite clear, particularly favour the formation
of fivecoordinate complexes, so that in some cases {MLs]*" cationic complexes are also
obtained3! 33,

Among the anions X, the CN™ ion is particularly liable to induce five-coordination. Fre-
quently a ligand 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 > Br™ > Cl™ > NQO; > NCS™ although the NCS™
ion has ofien been found to be effective in stabilizing low-spin five-coordinate cobalt(II)
complexes'®?%72%  Such an order cannot be explained in terms of ligand field strength but
could be related to the polarizability and/or nephelauxetic effects of the donor groups. The
only anion which appears capable of forming five-coordinate complexes by itself with
cobalt(il) and nickel(Il) is the CN~ group: [Ni(CN)]?3~complexes are easily formed
even in aqueous solutions**~>! and can be isolated using either counteranions of suitable
bulkiness®>3%% or low-temperature techniques®®; anionic [Co(CN)s] >~ species have been
also identified in solution®*™%7 and recently isolated®®.

It should be mentioned 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
ML3 X, species.

ML, X, = ML, X] " + X~ ML3X; =ML, X, +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 lattice
forces, which can be tentatively controlled only 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 complexes. Tertiary phosphine oxides and arsine oxides as well
as organic phosphates, readily give rise to high-spin five-coordinate complexes. Because of
its high electronegativity, small Dgq and low nucleophilicity, the introduction of oxygen in-
to the ligand as donor atom does not greatly affect the steric characteristics but does allow
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for the formation of high-spin complexes. The presence of oxygen as donor atom is the

main feature of the complexes of this type.

Some tertiary phosphine oxide and arsine oxide ligands capable of forming five-coordi-
nate complexes are: Ph, MePO (ref. 55), Ph, MeAsO (refs. 53, 56), Ph; PO (refs. 55, 58—60)
and Ph; AsQ (refs. 55, 58, 59), which form [ML, X] complexes, where X = Cl0, —, NO; ™

MANT LIC LS, LY §

BF4 7, NCS™ or 17 ; also Me3 PO (ref. 61) and Me; AsO (ref. 61), which can form either

{ML, ((‘30, ) *or ML Eas complexes. The electronic properties of these _ymnrj_, are pre-
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sumably quite similar, whereas the steric requirements are expected to increase gradually
on passing from the trimethyl to Lhe triphenyl derivatives. The fact that all these ligands

are able to form {ML;X] " species can be accounted for b
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species with these ligands, and the similar properties of these two types of c,omplexes sug-
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their stability to packing effects since, depending on the

be formed. With BPh,, for instance, only tetrahedral
A

gest that the ClO4 ™ and L groups are similar in x‘lai’ly' respects, as is confirmed by X-ray
structures™®2_ On the other hand, the [ML4X]¥ complexes obtained with the most bulky
&
i

triphenyl derivatives owe most
counteramon other species ma
{(ML4]? c.ompiexes are obtained®® . The compounds ML,{ClO4), and 1\«11_4\131‘4}»; have
been isolated as both the tetrahedral [ML,]%* and five-coordinate [ML,(C10,4)}*
{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
such a substitution is to decrease the donor power of the phosphoryl group, thus favouring
an increase in the metal coordination number. In opposition to this, 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 coordination numbers, including the
five-coordinate species [MLs] %" 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 /V-oxides are
known, only recently has the formation of five-coordinate complexes with such ligands
been reported®*~ ™. From the point of view of the coordination properties, pyridine V-
oxide type ligands are quite versatile, in that metal complexes with several stoichiometries

< o
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have been obtained depending on the anions, the reaction conditions und the type of met-

al ion. Although there is no apparent relationship between the nature of the substituent 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 N-oxides. For example, EPNO (VII1) forms
[ML5]%* species in the solid state (M = Mn, Co, Ni and Zn) when the counteranion is ClO4 ™~

OEt

©)

O W © W
0 g g

i 7X) (X}

and [MLg]?* 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]>" species only with cobalt®%¢ whereas with nickel a polymeric, supposedly
five-coordinate, complex {(Nil4),,]¥"* has 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 polyamines,
cither as ligands (dabco™, Me-dabeo*) or as counteranions (Me-dabco™), 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-
viranments as [Ni, Clg}*~, [NiCl; (ROH)} 27, M(Me-dabco™}(B)X; (B = H,0, NH;),
(M(dabco*), X51 7. In these instances it is difficult to establish any principles or even make
intuitive predictions about the formation of five-coordinate complexes.

(ii) Bidentate ligands

(a} Low-spin complexes

Bidentate ligands 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 of these groups together with another donor moiety like SMe, SeMe or
SbMes, ; (2) anionic thio ligands of the dithiocarboxylate and thioacetylacetonate type.

With neutral ligands, five-coordinate [ML, X] ¥ species together with planar [ML;] 2t 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, X] *
species have been obtained with hydrogen, alkyl or phenyl substituents. However, the size
of the chelate ring is an important factor. Most of the five-coordinate complexes of this
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TABLE 2

Five-coordinate iron{ll), cobalt{Il) and nickel(ll) complexes with bidentate ligands

Species? Metal Donor  Physical state? X-ray data® Notes
ion set with ref. with ref.
{i} Low-spin complexes -
{M(das); X} * Ni  AsaX  s(80)
[M(nas)z)(];: Ni  AssX  cs{81)
[M(edas)3] > Ni  Ass c(82)
{M(edas) X1+ Co AssX  s(83)
Ni s (82)
[Mtdpe), X1 Co PsX c.s (84,85) SP,TBP(854,850)¢
Ni s {88}
{Mbdmp), X} Co PsX c.s (86a)
Ni c,s (862a)
IM(TEP), X1 " Ni  PgX c.s (87
[M(HPPH), X} ™ Ni  PsX c,s (88)
M(L)y 5(CN); Co P3Cy  cs(19) L = dpp, dpb,
bdmp
Ni ¢,s {(862,89,90)
M(L)y.5(NCS), Co P3N;  os(19) L = dpp, dpb
{M(VPP), xf Ni  PaX c,s(91)
{M(AP); X} Co AsaPa X ©s5(92)
Ni 2,5 {93)
[M(SPY, X} Co  SPX  ©s(92)
Ni c.s (94)
IM{SeP), X1V Co  SesPaX ¢s(92)
Ni .5 (94)
[M(sp)2 X1 ™ Ni  S3P2X  ¢s(95)
[M(stars)2 X1 Ni  SbyAs;X ¢ (96)
{M(das)(rtas)] *¥ Ni  Ass c,5 (97-99) SP(99)
M(dpe)(n-ma)Br Ni  P,CsBr ¢{100,101) SP(100,101)
M3(dthblg Ni  Sg ¢ {102,103} SP(103) Trimeric
M, (dthpa)g Ni  SgNi c(104) SP(104) Dimeric, Ni—Ni
bond
M(ddc); NO Co  Sa(N) ¢ (105) SP(105)
[M(PhPMP)2 X] * Co  PyNzX  c(106)
Ni <,5 (106}
M{4PAP)Cly Co 2 c(107)
M(CO)(fdma)l, Ni  AspCla ¢ (108} TBP(109)
M(CO)(fdpa)i; Ni  As;Clz ¢ (108)
M(sacsac); B Co §5,B s {110,111 B = PPhy, AsPhy
SbPha, py, pip
(i) High-spin complexes
M{SAL-NMe)ais Co N,03 e{s) (112} TBP(113,114) Dimeric
Ni c(iid) X113, 114) {Solid soln. with
the Zn complex)
{M{Z--SALen—NEty)
catec]y Co N3Oy c(118) (X)(118) Dimeric
Ni c(118) INT(118) Dimeric
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TABLE 2 (continued)
Species? Metal Donor Physical state? Xeray data® Notes
ion  set with ref. with ref. :
M(Z~SAL-NR)2py Co N30; cs(119,120) R = (2,6-Me2)CgH3,
(2.6-Et3)CeH3
Ni c,s (121)
M(bza—-R),py Co N3O, s(122) R = (2,6-Mey)CgH3,
(2,6-Et3)CgH3
[M(mepic), X] Co N4iX c.s (123)
Ni c,s(124)
{M{dmp)Cl;] 2 Ni NyCli3 c{125,126) SP(126) Dimeric
[(MUAMP), X| ™ Co NaX  c(127M X = Br, I
{M(mbpt)(NCS), 1, Co ? c(128) Polymeric
IM(PN)X2 ) Ni (PNX3) c¢,s(129) Polymeric
M(L)X, ] (2) Ni  NpX3 c(130) (Dimeric)
(M(LE)YX; ] (2) Ni NpXs  c(130) (Dimeric)
[M(go)2l(2) + Ni N4,O3 cs{131) (Dimeric)
[{Matsc),Cl] Ni  SaN,Cl c(132) INT(132)¢
M(dmp)(R,dtp), Ni N,S3 c(133,134) SP(133,134) R = Me
M(quin)(R,dtpi)s Ni NS4 c (134) SP(134) R= Et
M(R,dtp), B Ni  NS4(PSg)c.(s) (135-141) R = alkyl; B =
amine, PPhs
M(R,dtpi), B Ni NS4 (s) (135,138) R =Ph; B = Et;NH
{Mpymp)X2 | (2) Ni (PNX3) c(142) {dimeric)

X = Cl, Br, NCS

2 The ligand notation is defined in the Abbreviations list.

b c denotes crystals, s solution and (s) uncertain assignment or equilibria with other species.

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

d Further structural details of the isomers of [Co(dpe), Cl] SnCly have recently been reponcd33°.

€ Full structural details have recently been reported331,

type so far isolated contain five-membered rings, the chelate chain being either saturated
(ethylene 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, /CQZ
g
@O Me, P PMe,
Xt (X1

ring and therefore of smaller size®! ; and the recently reported tetramethyl-substituted
bdmp ligand XI13%,

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 moiety {ML,]?*, which -
can often be isolated by using non-coordinating anions; (2) formation of a monoadduct by
adding a coordinating anion (halide or pseudohalide); (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 measurements, is usual when five-membered chelate rings are present in the
species [ML,]*. The geometry of the five-coordinate species varies from TBP toSP as a
function of the interligand and ligand—anion repulsions. The strain resulting from six-mem-
bered rings causes tetrahedral distortions which may inhibit step (2). If the anion is large
and the ligand so bulky as to prevent the attainment of six-coordination, step (3) does not
occur. It may also be found that only the ML, X, complex can be isolated from a solution
containing [ML, X]* and X species. Finally it should be observed that the situation may
actually be more complicated if other equilibria occur in solution, e.g. dissociation equilib-
ria giving rise to MLX, species®.

Some examples will illustrate the influence of the factors mentioned in determining the
resulting stereochemistry. Let us consider the coordinating properties of the following lig-
ands: HPPH (XI1), TEP (XIV), dpe (XV) and VPP (XVI). The least hindered HPPH ligand
gives rise to five-coordinate [NiL, X] ™ (X = Br, I) and six-coordinate NiL, X, (X = Cl, NCS)

_CHz—CH, _CH=CH
RR'P PRR’ Ph,P PPh,
(Xt} R=°Ph,R'=H XV}

(X1} R=R'=Et
XV} R=R'=Ph

species, whereas only six-coordinate complexes are obtained with cobalt(II) (ref. 88). The
TEP ligand forms only [NiL,X]* species, which are also quite stable in solution®”. The
bulky dpe ligand, on the other hand, forms five-coordinate [CoL,X]™ (refs. 84, 85), and
presumably six-coordinate tetragonal NiL, X, complexes, the latter giving rise in solution
to equilibria of the type%®

(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 formula M, L3 (CN), where two bidentate ligands 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 XI1%%®, Presumably the
achievernent 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-coordinate complexes:
das (XVII), nas (XI), edas (XVIII), fdpa (XIX) and fdma (XX).

The first three ligands have the same substituents (methyl groups) at the arsenic atoms
and similar rigid and unsaturated chains. Therefore the [ML,X] " complexes have quite
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AsMe, CH
o S

AsMe, CH Fe

~N A
xvin AsMe; @'As’%

(xXvin (x1X) R=Ph
(XX) R=Me

similar characteristics®®~33, The ligands fdpa and fdma, on the other hand, only form un-
usual carbonyl complexes of formula NiL(CO), (refs. 108, 109). A characteristic of he .
ligands das and edas (and of tridentate triarsine ligands) is their capability to give rise to
NiAss 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 to give the triarsine molecule (ttas. XXI) and the complex [Ni(das)(ttas)}>* is
formed (see scheme 1)°77%%.

AsMe, As
AsMe f\s\'i' oAs
N t .
AsMe, A'é«/-{ a8
xXxn

Some anionic sulphur-containing ligands reported to form five-coordinate complexes
are dthb (XXI1), dthpa (XXI11), ddc (XXIV) and sacsac (XXV). In these cases the extended

e
S 3 C—S
* ~ ‘4‘ :
Me 'S \ N
xxi) (XX11) oy
(XX} /
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'®''%11! ; (2) polymeric (ML;), (n =

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) (see
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 thio donors to form mulnple bridge
bonds.
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(b) High spin complexes

Ligands 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(V-methyl-salicylideneiminato)nickel(I1) complex has been isolated both in a mono-

OH

XXV

meric planar form'™'®!!'® and in a polymeric six-coordinate form'''°. However, when it
forms solid solutions with the analogous zinc complex in a certain range of molar ratios,
it assumes the dimeric five-coordinate structure of the latter complex (see scheme 4) (refs.
113, 114). In solutjon, equilibria between associated six-coordinate, planar and probably

Pt
o=}
M
AN
| M0 )

five-coordinate species occur. In contrast the solid cobalt complex is obtained only in the
dimeric fivecoordinate form, which in solution partially transforms to a monomeric tetra-
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hedral form''?. It should be recalled here that SAL-NR ligands with bulkier imine substi-
tuents preferentially form four-coordinate complexes'!S—117,

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

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

The occurrence 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
example, with the ligands PN (XXVII}!?°, LS (XXVIII)'%, LE (XXIX)'3°, pymp (XXX)!4?
and NiX, (X = Cl, Br, NCS}. When X = I, however, tetrahedral MLX, complexes are ob-

PPh,
@ 85 CHgmtgln o -~
NMe, @Nl/ \@ C"r @ Me’(&j\cm—- PPhy

(XXVif) XXV tXXIXS axx

tained. Tetrahedral complexes are also obtained with cobalt(Il) or iron(II) salts in agree-
ment with the stronger tendency of these metal ions to give such stereochemistry. Finally
the Ni(dmp)Cl, (dmp = XXXI) complex has been isolated in two isomeric forms, one

CXXX7)

pseudotetrahedral and the other dimeric five-coordinate!?5-126,

The axial addition of a fifth ligand, either neutral or charged, to a planar metal chelate
{ML,17 to give a five-coordinate adduct is common, as seen above, when the resulting com-
plex is low-spin, but it is uncommon when the resulting complex is high-spin. When the
overall ligand field of the chelates and of the incoming group is sufficieat 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(Il) 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!,
Monoadducts have also been isolated with the analogous cobalt(II) complexes, which are
themselves high-spin and therefore no change of spin-state occurs upon the formation of

SEEsse Rl = ol T T SES EEEmEE o TmEERES r©
five-coordinate specxes‘ 19,120

lQ- '
ool
=9
o
::

High-spin five-coordinate ~ts are ohtained also from the planar bis-dithio chelates
of mckeI(H) {alkyl or aryl-su bsmut d dithio phosphates or dithiophosphinates) and prima-
ry, secondary, and heterocyclic amines'*$!37=131 or Ph, P (ref. 136). In some cases the
thermodynamic functions of the planar = five-coordinate equilibria have been determined
140—141
TABLE 3

Five-coordinate iron(Il), cobalt(ll) and nickel(II) complexes with tridentate ligands

Species‘z Metal Donor Physical stateb X-ray data® Notes
ion  set with ref, with ref.

(i} Low-spin complexes

M(TAS)X, - Ni  As3X, cs (143,146a) SP(144)
[M(TAS), ] Ni Ass c,s (99,143,145) One unbonded
donor
M(ttas)Xy Ni AszXa c,s (145)
[M(ttas)y 1 %7 Ni  Asg ¢,s(145) One unbonded
donor

}v{(AaNAa}Xz Ni ASZ A\‘sz C,5 (146)
M(AsSAS)X, Ni AsySXa c,s (146)
M(DAP)Xa Ni As,PX5y c,s (1463} SP(146b)
M(PSP)X, Co PSX, c,s (147)

Ni c (147,148)
M(R-PNP)X, Co  NP:Xs c,(s} (147) (X3 (147} R=H, Me

Ni c(147) SP(149,150)
M(NNP)X, Ni N,LPX, c (151) X=1
M(SNPYX, Ni SNPX, c,s (151) X=1
MFTP)X, Ni P3X, c,s(151a)
M(TPH)X, Co P3X, c(s) 1152}

Ni c (152a)
M(DSP)X2 Ni S.PX, c,s (94) SP(153)
M(TDPME)X, Co P3X, c.(s) (154}

Ni c,(s) (154)
M(TDPMM)X, Co P3X, c,s (135)
[M2(TAS)3(0H, )1 * Ni ? c (156) (Dimeric)
[M2(DAP)3(OH)I?* Ni 7 ¢ (156) (Dimeric)
M. (DMS}), Ni SaNi e {157,158} SP(159,160) Suggested Ni—Ni

vaglaliessz avi

bond
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TABLE 3 {continued)
Species? Metal Donor Physical state ®  X-ray data € Notes
ion  set with ref. with refl
M(pnp)X3 Ni  P,;NX, c,s (161) X =Br,1
M(pmp)X, Co PaNX, ¢,s{162) X=1
Ni c,s (162) X=C1, Br, i
(iij High-spin complexes
M(Z-SALen-NRa)s Co N3Oy <8 (163) {X){163,165) Z=H, 31, 51,
3-Me, 5-Me; R = Et,
~{CH»)4—
“'{Caz}s -
Ni ¢,s (164) SP(165.166) Z = 3.C1, 5C1, 3,
4-benzo; R=Et .
M(ONSMe)s Co N,QO,8 s (167}
{M({(SALphen-NR3}X}s Co N,OX, c{168) Dimeric
M{Megdien)Xa Fe  N3X, c,s (169} {X){169)
Co c,s (169) INT(170,171)
Ni c,s {169} {X) (169
M{Etsdien)Xy Co N3Xsy e,s {172,173 TBP(174)
Ni s(173,175) X = Cl, NCO
M(Mesdaeo)X, Fe  N,0X, cs (176)
Co c,s (176}
Ni s {176}
M{MeasdaesiXy Co  N3SX,; () (177
Ni (s} (1773
M(MABen-NE1;)X, Co N3X3 ¢,s (178)
Ni c,(5) (178)
M(MSBen-NEt3)X» Co  NaSX; cs (179) X =NCS
Ni (s} (179}
M(MOBen-NMey )Xy Ni N, OX» (s} (180}
M{MOBtn-NMe, )X, Ni N, OXa c,{s)} (1803
M{mpdo)Xy Ni N, OXa ¢,s (180} INT(181) X=Br
MNNY )X Ni N,y P(As)X3 ¢,5(151) NNY = NNP, NNAs
M{(ONY)X4 Ni ONP(As)X3 ¢,s(151) QNY = ONP, ONAs
M{SNY)X4 Ni SNP(As)X,; o5 (151) SNY = SNP, SNAs
M(Z;SALewN}tz) Ni N3O, s{182) Z=5CLR= Et;
{Z -SAL-NR) 2',,= H, 31, 5C1;
R = Me, Et, iso-Pr,
n-Pr, n-Bu
M(paphy)Xa Co  N3X, c,s (183) SP(184,185)
M(paenR3)Xa Co  N3X, c,s (186) R = Me, Et
Ni cs (186)
M(DAP-R;)X, Co  N3Xg c,s (187} R = Me, Et, n-Pr,
iso-Pr, sec-Bu, Cy
Ni ¢,s {187)
M{terpy)Xs Fe N3 Xy c (188}
Co ¢,s (183,188— INT(192)
191)
Ni c (183,189} (X) (188)
M{DPEA)X, Fe  NiXs3 c(193)
Co c,s {193)
Ni c,s {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 N,S8X, c,s{194)
M{SNNMe)X, Fe N, SX-, c,s {195)
Co c,s (195)
M(Mesdpma)X, Ni N3 X, c,s (196) INT(197)
M(paphenMe;)Xa Fe N3 X, c,s (198)
Co c,s (198)
Ni c,s (198)
M(baphenMe; )X, Fe  N3X, c,s (198)
Co c,s (198)
Ni c,s (198)
M(abMe; )X, Fe N3X, c,s (198)
Co c,s (198)
Ni c,s (198)
M(SNS)X, Co NS; X, ¢,s(199)
M{(MeDPT)X; Ni N3X, ¢,s (200)
M(DENB;,)X, Ni N3X, c,s (202)
M(DPNB, )X Ni N3X, c,s (202)
M(py )X, Fe N3X, c,s (203)
M(mpq)Xz Ni N3X2 c,s (204)
M(R-nnp)Xs Co N,.PX,y c,(s) (205,206) INT(207) R =H, Me
M(H-nnpO)X, Co N,OX, c,s (206) TBP(208) X =NCS
M(btpy)X2 Fe N52 X2 c (209)
Co c (209)
M(TDEH,)X> Co 0,8X, ¢.s (210) X=qQ
Ni e,s (210)
M(@mpdc)X, Fe N,SX, c(211)
Ni c(211)
M(pnp)X, Fe P;NX, c,s(161) X=C{_l, Br
Co e, s {1681) X=Cl
M(pmp)X, Fe P,NX, c,s (162) X =C}, Br, I, NCS
Co c,s(162) X=Cl
[M(NSN),] %" Co NsS; c (212)

9 The ligand notation is defined in the Abbreviations list.
c denotes crystals, s solution and (s) uncertain assignment or equilibria with other species.

< Symbols for complete X-ray structure: 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).

(iii} Tridenrate 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 obtained 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 into the donor set

" may result in a 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
proceed via the following 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'**15%. Moreover the
antibonding character of the d,2 orbital, which is filled for nickel(Il) and half filled for co-
balt(Il), 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(Il). 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 factors do not al-
low the formation of five-coordinate species, tetrahedral species are formed. For example
with the ligands PSP (XXXI1)!4%198 TPH (XXXIII)!*%'%22 and R-PNP (XXXIV)'*" which
differ in the central donor group, either five- or four-coordinate (planar with nickel and tetra-

/CH,—H,C
Ph.P

CHM,C
PPh,

R
Ch=HC 1 CHM,C
P Ns T

Fn,P ¥

\S/ Pen,

TXXX11}

(XXXt} ¥=P R=Ph
tXxxiv/) ¥ =N, R=H Me.Cy

hedral with cobalt) species have been reported. The first two ligands from solid five-coordinate
MLX, complexes with both cobalt(II) and nickel(II}. In solution, the nickel complexes
(with the exception of Ni{(TPH)(CN), (ref. 152a)) dissociate completely to give planar
[NiLX]™* 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 state and in solution the cobalt complex-
es with R = H are five-coordinate, whereas when R = Cy, pseudotetrahedral complexes with
a CoP, X, microsymmetry are obtained'*?. With R = Me, a five-coordinate = tetrahedral
equilibrium exists in solution, while 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 equation

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**
145,163 they also give five-coordinate [NiL,]?" species with a free terminal donor group
183,195 (with a structure similar to that of the [Ni(das)(ttas)] *" species reported among the

Me
JCMmmC CHeHLC

N

h. Ag CH,

¢ 1
Me, As Astle,

fAXXV

bidentate ligands)®”"%?. The former also gives a binuclear complex Ni, L3(H; 0)(ClO4),,
probably containing two five-coordinate moieties bound by a ligand bridge!%6.

Unusual from a stereochemical point of view are the Ni(DSP)X, complexes®, in that
the apical position of the approximately square pyramid is occupied by a terminal thio-
ether donor. This is presumably due to the particular rigidity of the ligand skeleton'*3.

The branched tridentate ligands which may form low-spin five-coordinate complexes
are TDPME (XXXVI)'** and TDPMM (XXXV _i)'%?. The geometry of these ligands is not

CHe PPh, Ph, P —CH, /CH:- ePh,
CHgC ~ CH,—~PPn_ N
N
CHy~PPh; PhP--CH, CHgPPh,
XXXV IXXXV2rI

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

Cﬁ:—HzC\ ,CH:— H,C

7

HS S SH
(XXXVII)

the existence of the fifth bond (Ni—Ni) (refs. 157—~160).

{b) High-spin complexes _
Five-coordinate high-spin complexes with tridentate ligands are mainly of two kinds:



FIVE-COORDINATION IN Fe!l, co!! AND Nill COMPLEXES : 367

(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 pseudo-
halide.

The neutral ML, complexes are the M(Z-SALen-NR, ) (M = Co, Ni), (protonated
Z-SALlen-NR, shown as XXXIX). The occurrence of five-coordination is duec mainly to a
favourable electronic and steric balance of the various substituents on the aromatic ring
and on the B-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-Cl and the substituents at the nitrogen are ethyl groups!6*'%* _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

Q------= 0]
(XXXIX? Y =NR: LN e
(xl)  Y=SMe /'/ M\ b

one of the two thioether groups is not bound'®”.

The MLX, complexes are quite numerous (and often easily obtained). The steric and
conformational requirements of the ligands capable of forming this type of complex are
not so strict as in other 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 N3 X, , realized
with several different nitrogen donor 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 phosphorus or arsenic donor 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-
ordinated anion and on the lattice forces which may affect the geometry of the chromo-
phore® . Some examples of complexes with intermediate magnetic properties will be given
in Sect. B (vi). ’

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 complexes. More frequently the following 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-
riumn, 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 bulky donor
groups (generally tertiary amines), tetrahedral species can be obtained. The competition
among all of these species, as well as six-coordinated species, is influenced by the substitu-
ents at the donor atoms, the nature of the X group and the specific tendency of the metal
jon. 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-coordinated
one depends on the geometry (planar or tetrahedral) of the alternative four-coordinate
complex. When the alternative structure is six-coordinated, five-coordination is more fa-
voured for cobalt than for nickel. For example, the Mes dien ligand XLI is of the right size
to form stable five-coordinate complexes with most of the first row transition metal salts
(X =Cl, Br, I, NCS)'%°. The analogous Et, dien (XLII), which has larger terminal donor
groups and a less basic central nitrogen donor, forms five-coordinate complexes with co-
balt!™?~!® and planar with nickel'”®, the latter giving rise to the [MLX] ¥ + X~ = MLX,
equilibrium in solution'” . However the Ni(Ety 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-

R
CHeHC | CHH.C
N 3
N NR,

Criny RogeREM
portant. For example, the thiocyanate group has a strong tendency to act as a bridging lig-
and and therefore to form six-coordinate associated species. Stable five-coordinate 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 Et;
dien and Megdien ligands®® . The same basic skeleton is also present in the ligands H-nnp
(XLV)?%:2%  Me nnp (XLVI)?%:?%  Mesdaeo (XLVII)*™ and Me; daes (XLVIII)'"?, which
also give rise to high-spin five-coordinate nickel, cobalt and iron complexes. The first two

R R
. o d CHHE | CHeHLC CHeH.C  CH—H.C
CH—H, Hy=HC ey o H s Fol - Hy
Z / SN P Z / S \ s TN/ A
@ca::« N N=CH Pn.P N NEt,  Me,N Y NMe,

rXE) R=H t Xty R=M XLV Y=0
(XL R=Me (XLYI) R=Me (XLVING Y= S
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ligands give rise in solution to equilibria with tetrahedral species whose abundance increases
with the bulkiness of the substituent (H < CH;) on the central nitrogen donor?® . A sim-
ilar equilibrium is also shown by the Mes daes complexes'””, The ligand MeDPT (XLIX),

CheH, G CHe K

o~ Hy

FRTG ] S HeC
g N TH,
! |

M NH,

(XL XS

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

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

Anaother 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-NEt, (LII).
The MARB and MSB derivatives form five-coordinate complexes with nickel halides!™!'™,

Crtpm OHy

4
@CH =N NEt:
¥ —Me

(L) Y mNK

L) Y=5

fr#y (=Q
whereas cobalt halides give rise to five-coordinate complexes with the former ligand'™ and
tetrahedral with the latter, the thioether group probably being non-coordinated!™ . This
is consistent with the lower donor power of thioether 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 B-nitrogen is decreased {methyl groups)
or the aliphatic chain is made more flexible (trimethylenediamine either ¥ N-dimethyl or
NV-ethy!) even the MOB derivatives are able to form five-coordinate nickel complexes!s® 8! |

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, (LI, terpy (LIV)183188-191 '[pp A (LV)Y%1% DPES
(LVIY'** and Me,dpma (LVI)'®*. Comparison of DPEA, DPES and (R, )dpma is interest-

. 5
\N/ -
~c N (:i/ \/N L] R 124
|
/li N_ 7217 1LV R=Me
) R
CHH CH~H,
£ty CY = ’C\Y" B ‘C\O
" ~N

fLVE  YmNH
v Y=S
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ing. The former two ligands give rise to five-coordinate complexes, even 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 ortho 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, %"
or the five-coordinate MLX, species (M = Fe, Co, Ni), depending on the synthesis condi-
tions!®8—192 _[n solution, however, the latter complexes readily add a molecule of solvent
or ligand thus becoming six-coordinated'®%1%!

TABLE 4

Five-coordinate iron(1l), cobalt(Il) and nickel(Il) complexes with tetradentate ligands

Species? Metal Donor Physical stazeb X-ray data® Notes
ion  sct with ref. with refl
(i) Low-spin complexes
iMePIX) Fe PgX .5 (213,214)
Co s (213,215)  INT(16)
Ni cs (213.217)
{M(QAS}Xl Ni AsgX s (213,217}
[M{qas)X] . Ni AsyX c,s (218)
[M(Qas)X} Ni AsgX ¢,s (219)
[M(ap)X] ™ Co PsX .5 (220)
Ni c,s (220)
{&i(TA?}"Q Ni PAs3X £,5{221) TBP(222}
{M{TAP){OH }} Ni PAs3; 0 c,s {221}
{\i(TSP)X} Ni PS3X €, {(223) TBP(224)
[M(TSP)B] ? z* Ni PS3(B) €5 {223) B = PPhy, PMePh,,
tu
[M(TScP)‘(] Ni PSe3X e,s (225)
U“(NP;;)X] Co NP3X ¢,s (226} SP(227,228) X = NC(CS, (I, when
Y=1 BF‘;, PFﬁ)
Ni c.5{236,229) TBP(230,231)
i&i(NAs;}Xi Ni NAs3zX c,s (146)
[M(N, I’Z)X] Ni NP2 X c,5(232,233) INT(234)
[(MNOPX) ™ Co NOP;X c,5 (235) (X) (235) X = NCS
Ni ¢, (235) ESP(236,237)
[M(NzOP)X} Ni N, OPX ¢ (238) X =1,NCS
[MNOAs»)X] * Ni  NOAs;X  ¢,5(238)
{M(SAS;,}X} Ni As3SX c,s (239} TBP(239)
[\!(ASTP)X} Ni AsP3X ¢, (240,241
[M(SBTP)X] Ni SbP3X c,s (240,241)
[\i(PTAS)X] Ni PAs3X c,s (240,241)
[M(SBlAS)X] Ni SbAs3X ¢,s (241)
{M(sbtas}Xl Ni SbAs3X c,s (242}
{M(PSSP}X} Co P3§3X c,5 {243}

Ni ¢,s (148,243}
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TABLE 4 (continued)
Species? Metal Donor Physical state © X.ray data € Notes
ion et with ref. with ref.
[M(PNNP)X]* Co N3PX .5 (244) ESP(245)
Ni o5 (244) ESP(245)
{M(BDPDX]* Ni  NaPpX ,5 (246)
[M(SALen)] 5 Co N03 c(247) SP(248,249) Dimeric
M{SALen) tpy Co N3O, c,s {247} SP(250n
[M(tmac)X} Ni NaX ¢, (s) (251)
[M(CRIX] Co NgX c,s (252)
Ni c(253) ESP(254) X = Br
iMcrmxyt Co NgX €s(252)
Ni c.(s) (255) ESP(256) X =Clog
{M(CR)B] 2 Co  N4(B) s (252) B = NH,, H,0, py
mereyx)t Ni  SsX s(257) X=1
{if) High-spin complexes
[M(Rgtren)X] Fe  NiX ¢,5(258) TBP(259) R = Me, Et
Co s (260,233)  TBP(261)
Ni ;s (260,233)  TBP(262,263)
[M(ren)X] ™ Co NgX s (264) X = I, NCS
[M(Megtpt)X] T Co NzX ¢ (265)
Ni ¢,s (265)
[M(tpOX] * Co NgX 8 (266) TBP(267)
[MMeppma)X xj* Ni  NsgX €5 {196} =23
IMNgPYX] Co N3PX cs (32,233 TTBP(268)
\ Ni c,$ (233,269) (X) (233)
(M(N3A9X] T Co  NjAsX 8 (232,233)
Ni € (232,233) X=1
DN, PX T Co N;B;X cs(232,233)  TTBP(234)
M(L}NCS)2 Co Ns €8 (232,233) L= N3P, N3As
. Ni €,$(232,233)  SP(271,272)
MN;OIX] Co N3OX .5 (273)
Ni e.s (273)
IMNaSHX)F Co  N3SX s (273)
Ni ¢,s (273)
M(L)(NCS), Co Ng s (273) TBP(274,275) L = N3O, N3S,
Etgtien
Ni &(s) (273) (X) (273)
MN-03)X1+ Co NOs3X s(273)
IMEN,0)X]T Co Np0,X e,s (273)
Ni c,s (273)
MEN,S X Co  MN3SpX s (273)
Ni c,s{273)
[Ma(bdhe),} 2F Ni N3O, cs(276,277)  TBP(276,277)  Dimeric
[M(NP2)X] " Co  NP3X s (226) TTBP(278)4 X = Cl, Br, {I, when
Y = BPhy)
(MO ORI} + Co  NOPX c.s (238)
M(N2 SP)X] Co Na2SPX s (238)
[M(NOPX] Y Co NOP,X  cs(235) TTBP(279) X=ClBrl
{M(NS3-R)X} Co NS3X c,s (280, 281)  TBP (281) R = Me, Et, iso-Pr,
tert.-Bu
Ni ¢, (281) R = Et, iso-Pr, rert.-Bu
M(Z-SALen)(OH,) Co N,0, ¢ (247) Z = 3-MeO
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TABLE 4 (continued)

Species? Metal Donor Physical state b X-ray data € Notes
ion set with ref. with ref.

M{dacoDAYOH,) Co N,O; c,s(282,283)  (X)(283)
Ni c,5(282,283)  SP(284)

M(tenX] ™" Co NiX c,s (285,286)  (X) (286)
Ni c,5(285,286)  SP(285)

(v, 7cnxyt Fe  NgX c,s (287,287a)

IM(1,3,7,10-CTOX} " Fe  NgX c,s (287,287b)

{M(CRH)X]™ Fe  NgX c,s (287)

M(TACD)X] Y Ni  NzX ¢,s (288)

M(bphen)(OH,) Ni  N;O,X c,s (289)

9 The ligand notation is defined in the Abbreviations list.
¢ denotes crystals, s solution and (s) uncertain assignment or equilibria with other species.

€ Symbols for compiete X-ray structures: TBP denotes trigonal bipyramid, SP square pyramid, INT
intermediate structure, ESP elongated square pyramid and TTBP tetrahedrally distorted trigonal bi-
pyramid. Indirect structura} evidence (e.g. isomorphism with compounds of known structure) is in-
dicated by (X).

Full structural details were recently reportcd332.

{iv} Terradentate 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 rings
the resulting complexes are generally quite stable. Moreover, tetradentate ligands can be
made with such a geometry that, once they are coordinated to the metal ion, only one fur-
ther coordination position is available,

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 resulting complex
has an elongated square pyramidal structure. The latter stereochemistry is quite common
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 donors 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 into the coordination
sphere. The resulting cationic species [MLX] ¥ are isolated either with the same X as coun-
teranion, or more commonly with anions of low coordinating power such as C10; 7, BF, ™,
PFs ™ or BPh; ™.

Low-spin caobalt 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, P, (LIX) (refs. 232—234) which
form low-spin trigonal bipyramidal nickel(1I) complexes and usually, high-spin cobalt(II}
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CH~CHe—PEN, CHeCHeNEE,
NECHeCHAPPR,  N-CH-CHePBR,
CHy CHPRR, CHiy- Gy PPhy
LLVEES LiX/

complexes. The exceptions are [Co(NP3)I1Y (where Y =1, BF4 and PF¢) and [Co(NP3)
NCS] BPhs , which are low-spin square pyramidal with an apical phosphorus atom?*™?2%,
For [Co(NP;)X] Y complexes see Sect. B (vi). Ligands containing muitiple arsenic donor
atoms have been found to bind to nickel(Il), but not to iron(1l) 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 (1(api-
cal)~M—L(equatorial)) are smaller than 90°, so that the metal is iocated below the equa-
torial plane of the resulting trigonal bipyramid. With trimethylenic chains the metal lies on
the equatorial planc or even above it. The anomalous spectrochemical sequence (P > Sb >
As) found for the apical donors in complexes with five-membered chelate rings (LX) has

CH~CH,~ CH~AsMe,
v \ vicngcnecnease,
} CHp CH - CH-AsMey
zen, /s
* Lxis
‘2 X v =P, As.Sb
Y=p, a5 36
zZ=p,As

been attributed to the “compression” of the apical donor towsards the metal orbitals, which
is greatest in the case of the large antimony atom?#! . The normal spectrochemical series

(P > As > Sb) is found for analogous aliphatic ligands forming six-membered chelate rings
(LX) (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)'7, Qas (LXIII)?'® and qas (LXIV)?'® with donor sets As, readily form stable
[NiLX]" complexes, in solution the ligand Qas displaces QAS from its complexes, proba-

CH— CH e G- Asht
as S CH e CH-AsMe,
Ag = CHy CHy~CH-ASMe,
AsRy 1y G CH CH RAsMe,
(Lxity R=Ph (LX)

LX) R=Me

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

When the terminal donor groups are not equivalent (i.e. one donor group is different
from the other two, or all three are different) a coordinative distortion or even a change in
coordination number may occur depending on the nature of both 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 (LXVT) 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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CHy~CHy~ OCH, CHim CHNEr: 0/\

N(— CH~CH~ PP, N~ CrH—CH~YMe e &
CH—CH~PPh, CHeCHPPR, K \N‘ e
£ i
FLXVE (Lxvrr ¥=0 LN
(LAY XY= S XZeow é...p

balt, which has a very low tendency towards planar stereochemistry, are trigonal bipyra-
midal with all these three ligands®3%:23% | With this metal a geometrical distortion towards
the tetrahedron is found®™, which is responsible for the high-spin state of iis complexes.
Finally, to illustrate the importance of the metal ion in determining the coordination
number achieved with these ligands, it should be remembered that the QP ligand (LXVIII),
which forms only five-coordinate complexes with nickel(I) and cobalt(II) under all condi-

° —O
4
BPh: /y
LL AV

tions?*5~ 27 will give six-coordinate complexes M(QP)X, with iron(Il), when the coordi-
nated anions are CN™ and NCS 213219

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

/CH; M{: t}‘!e
~ e CHH.C
S T S 57
HC—S  S—CH, AN N NN
- ~ CH, CH, s N
H:? (‘:w: L s Chy c{;nz
ty !
" . _CH, Gt /C ' QM cry
pen, PP Pph,  Phe
. e PPh, PP,
1 XX

and sometimes also [CoL]?" complexes have been obtained?3~%% _Consistently, the
planar ring-substituted CoSAlen complexes (Z-SALen shown as LXXII) have a strong 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%%:2%% Also five-coor-

3 N
CHCH, 7 7
LR
e LELNPN O'.,.......i_\o'
¢ /I':, A2 0-{---20
o 1o AN //'1'
L XXt 7(:0\ ‘,’
Nl 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, LXXIII?%! | CR, LXXIV%%253 and CRH,
LXXV?5%:255) or sulphur (TTP, LXXVI1?57) as donor atoms may also form five-coordinate

> CH,
Me  CH, Me Me m Me Me /Q Me e Tew,
Me :C/ \Cﬁ ~¢ NS Sed N S i [
o it 1t i Hl [P S S
H,C—N N CH, N N N H,C cH,
> - ~ ~, <
H.C CH; H,C CH, M& N CH, | |
HiC—N N (1, N { 1 e ~d "G PR
“H) |y HC—CH, | niC—~Cr, Cmene [ re—cn, 3 3
/CQ /C:Me H Ll C!Z én
Me CR, Me LXKV axxv: U T

CHy

(LA FLRXVE

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®>»25¢ of the complexes [Ni(CR)X]*
and {Ni(CRH)X]*. It should be noted that these macrocyclic ligands do not sterically hin-
der the achievement of six-coordination so that, together with five-coordinate [MLX] ¥ spe-
cies, six-coordinate tetragonal MLX, complexes have also been isolated®%? %57,

(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 skeletal 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 (LXXVII),
Meg tren (LXXVIID), Etgtren (LXXIX), tpt (LXXX), Meg tpt (LXXXI), Me, tpma (LXXXII)
and Me; tpma (LXXXIIH).

CH~CH,—NR, CH— CHy CH NI, cu,~{
/ / / N
R

N —CHeCH—NR, N = CHi CHym CH R,

CHi~CH~NR, CH~CH~CH~NR, N»CH,—Q
tLxxvi) A= (LXXX) R=H N
XXV} R=Me (EXXXF? R=Me W\
L XXIX} R=Ey <

N
e
CLAXXX/F R=H, ReMe
Lxxx/i) R=R=Ma

The first three ligands have identical chains (ethylenic), so their different coordination
properties depend both on the bulkiness and the nucleophilicity of the donor groups. The
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Meg 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(I1), and five-coordinate cobalt(II), copper(Il) and zinc(lf) complexes, according to the
specific preference of these metal ions for a given stercochemistry®®*. A further increase
in the size of the donor groups, as in the ligand Etg4 tren, does not introduce appreciable
changes in the trigonal bipyramidal structure of the complexes®>*. However, the steric ef-
fects show up with the nickel thiocyanate complex Ni(Etg tren)(NCS), in that the ligand
behaves as tridentate with one free arm, and both thiocyanate groups are bound to the
metal>™. Owing to the large coordinating power of the NCS ion, bulky or weak donor
groups of tetradentate ligands are often prevented from bonding?3*33%27:27

The ligands tpt and Meg tpt possessing trimethylenic chains are more flexible than the
corresponding 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(Meg tpt)X] ¥ (M = Co, Ni) are presumably distorted towards a “capped” tetra-
hedron (N(apical)-M—N(equatorial) angles smaller than 90° (ref. 265)). In solution the
[Co(Meg 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 obtained as the
number of methyl groups is increased!%® . However these ligands often behave as tridentate
with a non-coordinating 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~CHNEL,
N —CH~CHNE,
CH~ CHYPh,

fLXXXIVT (=P
fLXXXYV? Y=A3s

ethylamino group uncoordinated?*?°, The latter isomer is predominant in solution and
its proportion varies with the X ion in the order I <€ Br < Cl (ref. 269). With the N; 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 distinctive
behaviour of the iodo complex has been related to the soft character of the iodide ion which
favours the coordination of the soft arsenic atom?%3.

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

The ligands N3O (LXXXVI), N3 S (LXXXVII), N, O, (LXXXVII), N, S, (LXXXIX),
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/CH,— CH~NEt, CHy~ CH NES, CHi-CH—OMe CH~CH~SR
;
N\—CH‘— CH~NET, N—CHy CHy YMe N~CH;CH~ OMe N\—- CH;—CH~ SR
CH—-CH~YMe CHy~CH,~ YMe \CN‘—CH;— OMe Cr—~CH,~ 5/
(LXXXVE ¥Y=0 XXXV Y=0 (XCs 1XC1:
(LXXXVI) Y=§ (LXXXIX] ¥=$ R=Me Et.:—~Pe

N-O3 (XC) and NS;-R (XCI) are able to form cobalt and nickel complexes with several
stereochemistries>™?8%281 sych as: (1) five-coordinate [MLX] ™" species; (2) five-coordi-
nate ML(NCS), species with the ligand acting as tridentate (in general, an ethereal or thio-
ethereal group is not coordinated)*™?7* ;(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
> OMe, since the tendency to attain six-coordination as oppaosed to five-coordination in-
creases in the order (Etgtren) < N3S < N3O < N,;S; <N, 0, <NS;-Me < N-Oj; (ref. 273);
also, with the same ligand, six-coordinate nickel complexes and five-coordinate 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. rert.-Bu), five-coordinate nickel
complexes are obtained?®! .

Noteworthy is the behaviour?”27” of the ligand bdhe (XCII), which undergoes depro-

CH—CH~NET,
N—CH;~CHy NEt;
\CHx— CHe~OH
txCils

tonation with nickel perchlorate, forming a complex with the empirical formula Ni(L ™)
ClO, . A structural analysis®™?"” has shown that five-coordination is achieved via dimeri-
zation through two oxygen bridges (see scheme 10). Such behaviour has also been 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 (XCIII)?8528¢ and dacoDA (XCIV)?82~ 284 Both form planar nickel complexes, [NiL]*"

CH,
CHs~CH, Cn—cn GHz cH. H,C7 ScH,
HN \CH— < ! \ Xe..
= =N p - 00C—CRN N—CH~COO™ O_N.
CH—'CH A /
5 : O  —~Ch: L_j
chy

fXCH
txCIv:

and NiL respectively, in which planarity is imposed by the conformation of the diaza-cyclo-
hexane and diaza-cyclooctane 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 five-coordinate structure of these complexes with nickel and cobalt
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-coordinate NiL{NCS),, presumably be-
‘cause of its smaller effective radius and stronger bonding abiljty285:28¢

TABLE 5

Five-coordinate iron(ll), cobali(l) and nickel(li) complexes with pentadentate ligands

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,s (291,292) Z = H, 5-Br, 3-Me,
3-McO, 3-is0-Pr

M(TAAB-LN) Ni Ns ¢,s (293,294)

M(TAAB-LS) Ni N,S c.s (293,294)

(ii) High-spin complexes

M(Z-SAL-R-DPT) Co N3O, c,s (295) (X) (295) R=H, Me
Ni ¢,s (295) INT(296-298)

M(TIB-R-DPT) Co N3S, c,s (299) R=H, Me
Ni ¢,s (299)

iM(tpen)} " Ni  Ng ¢.s (300) SP(301)

M(ddta)(OH3) Co N3Sy ¢ (302)
Ni ¢ (302)

2 The ligand notation is defined in the Abbreviations list.

b c denotes crystals, s solution.

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

(v) Pentadentate ligands

(a) Low-spint complexes

Although several types of ligand skeletons may be thought of for pentadenate ligands
290 their ability to form five-coordinate complexes (see Table 5) 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 from 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 complex-
es with ZSAL-DAES (XCV) (refs. 291, 292), TAAB-LN (XCVI), and TAAB-LS (XCVII)
( refs. 293, 294) whose donor atoms are mostly of high-spin character. The low-spin state

CH¢—hC CH'-HC

Ch~CH; CH~—CH;
/ N/ N
CH=N S N=ME .- L _ _)
¥ 3 .

oH HO ~¢

fXCV? N
NC/ <

(XCV Y=N-Me
(XCvH) Y=5

can therefore be accounted for by partial coordination of the apical donor atom of an ap- .
proximate square pyramidal gcometry. In the case of Ni(Z-SAL-DAES), however, some
paramagnetism has been observed so that the poss.ibility 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
292 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)methyl-
amine or bis(2-hydroxyethyl)sulphide®®*»2%%_ 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-
propyl)alkylamines yields the pentadentate ligands Z-SAL-R-DPT (XCVII)?%5~2% and
TIB-R-DPT (XCIX)?*%. In these ligands, in contrast to the above-mentioned Z-SAL-DIEN,

HC r,C ! CH—~CH,
\
HC

\

CH— «’; ~: HC N
Z—EIY B (—/_‘; \:

tXCYI) Y=0H, R=H Me
rxCrx) ¥Y=5SH, R=H Me

1D

the flexibility of the trimethylene chains allows the central donor atom to coordinate eas-
ily in the axial position of a trans 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 geometrically 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?%%2, which can be accounted for by either of two
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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, CHyCH, ~CHy
Q CH: CHECH: CH: CH’O
A “s
OCH;—-CH; H

N

1y

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

TABLE 6

Spin-isomeric five-coordinate iron(II), cobalt(Il) and nickel(Il) complexes

Species”? Metal Danor Physical state?  X-ray data® Notes

fon  set with ref. with ref.
M(pnp)Xa e P2NX, c,s(161) X =1, NCS

Co c,s (161,303) X =Br,1

Ni c,s(161,304) X=Cl
M(pmp)X5 Co P;NXa c.s (162) X = Br, NCS

Ni c,s(162) X =NCS
M(R-nnp)X; Co N, PX, ¢ (205,206) SPQ20T) R=H,X=NCS
M{SALoph)B Co N, O;(B) ¢,s {305,306) B = R-py, R-imz,

PPhs

M(SALen)B Co N,02(B) ¢,s (306) B = R-Py, R-imz

9The tigand notation is defined in the Abbreviations list.
¢ denotes crystals, s solution.
€ SP denotes 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 donor groups, and the geometrical or coordinative distor-
tions, if any, of the chromophore® . When a 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, i.e. 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 chromophore is formed and which have a direct effect on the spin state.
Thus, even though a donor set having a Zx or Zn® 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)I1¥ is low-spin when the counteranion is =, BF, ~ or PF  but
high-spin when the counteranion is BPhy — (refs. 226—231). The former complexes have
a definite square pyramidal geometry?2»2?®  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>2™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%

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

el Lc

ch. HGT ﬁ
{e B PN NTHE

Phh, Ph, PEh, Pn.P
i 178

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'®"3%; fi-
nally the iodo complex of iron shows spin equilibrium, whereas the chioro 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 (ref. 205). The continous varia-
tion of the magnetic properties is associated with changes in the visible and solid state in-
frared spectrum, the latter particularly in the 2(N—H) and :/{C=N) regions***3%  Two sep-
arate sets of bands, whose relative intensities are temperature-dependent, are observed in
each region. This suggests the presence of two molecular species (e.g. high- and low-spin
species differing in bond distances) in equilibrium?®: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
debate 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 latier 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(NP3)I] Y series®.

[t is quite difficult to rationalize, in terms of both structural and
the behaviour of the five-coordinate monoadducts of Co(SALen) (S

(ref. 306) and Co(SALoph) (SALoph shown as CIII)305306

ligand field parameters,
Alen shown as LXXII)

CH:N’ ‘“=HCI>
O:OH HO

(C1Hs

These complexes are found to be high-spin, low-spin, or spin-isomeric, depending on both
the salycilaldimine substituent and the fifth (axial) donor group3%-3%  Probably the rela-

tion between the donor properties of the axial and planar donors, although not complete-
ly understood, accounts for the observed magnetic properties,

C. RECENT ADVANCES IN SPECTROSCOPY AND MAGNETISM OF FIVE-COORDINATE
ANIALYTI /TIN ARNINAOANDATY T/HIY MNAIDI T VYVING
ANFUNIL L) OUNLF UV DLAL I\ UMD LD ALY
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on some representative high-spin nickel(1I) and cobalt(il) complexes2¢>32'=3% 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 nickel(Il} complexes with square pyramidal geometry

An energy level diagram for the triplet terms of the nickel(II) ion surrounded by five
equivalent dipoles arranged in a square-pyramidal geometry is shown in Fig. 4, together
with the effects on the energy levels of varying the B, /B, radial integral ratio, the Dq(api-
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Fig.4. Energy level diagram for a nickel(Il) ion in a ligand field of C4p symmetry (B2/B4 = 2,a=100°,
8=0.80, Dgap = Dquas)- From left to right, the effect of changing the B, /B4 ratio, the Dgap/Dqbas |
ratio, the apical angle « and the nephelauxetic parameter g8 (for Dgpys = 1.0 kK).
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Fig.5. Single-crystal polarized electronic spectrum of the [Ni(Pha MeAsO)aNO3}NOj; complex at 80°K.
A, | polarized; B, Il polarized) (ref. 321).

cal)/Dq(basal) ratio, the apical angle « and the nephelauxetic parameter 8 (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 energies for {Ni(PhyMeAsO)4NO3]NO3 (ref®

Frequency (kX)

Assignment (Cgy) Polarization (Cgy) Observed Calculated (Cayp)
38, - 3B Perpendicular (< 5.5) 3.89

34,P Forbidden 8.2 8.33

3B, (F) Forbidden 9.3 9.14

3EWF) Perpendicular 11.9 11.57

34,7 Forbidden 19.0 19.29

3E®) Perpendicular 22.9 22.56

? Parameter values: Dgbas = 1.05 KK, Cp/Dq = 3.0, Daap/Dabas = CPap/CPbas = 0.8, B = 0.85 KK,
a =105 (ref. 321).

Single-crystal polarized spectra of the [Ni(Ph,MeAsO),NO; ] NO; complex are shown
in Fig.5, and the proposed assignment is reported in Table 7 (ref. 321). The polarization
properties agree satisfactorily with those expected. Because of the large number of parame-
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, and 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 ; a = 105°; 8 = 0.82; B, /Bs = 1.75; Dq(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 effects®!,

A 3B, ground level should produce a spin-only value for the magnetic moment. How-
ever, this level is mixed with the excited E 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, MeAs0),NO;}NO; complex?*!. A par-
tial energy level scheme resulting from successive spin—orbit and Zeeman perturbations is
presented in Fig.6. According to this model®*?, the molar susceptibility components (ne-
glecting TIP contributions) are given by:

NB? SewﬁfkT
Xo = — ——hF
VKT 1+2e7%T
2 ¢ _ ,—8/kT
X‘L zNﬁz 44 1 e
§ 1+2e7 0T
where
5 {(\/5 €) V3, (V3(es) + V3 (c,))’] 22
Ay A,
and
3
PO S
3
51 14
3g, 2pH
G T o EpPE
‘\\ Mg=t1 lM."‘~\\’2‘f3"‘l B
\‘\ 6
\“ ré }
Mg= O ~~ -2%2132 §2
Crystal spin-orit Hyy Hy
fietd coupling
icdv

Fig.6. Splitting of the 38; term under the effect of successive spin--orbit coupling and magnetic field
perturbations™ ",
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A=K [(\/§(c,)+\/§(c2))2 4 5¢2? —3012]
VA A, A,
{¢; 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 usy values as large as 4.0 B.M. In fact the magnetic moments for
square pyramidal nickel(II) magnetophores®*~%* range from 3.3 to 3.7 B.M.
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Fig.7. Energy level diagram for a nickel(II) ion in a ligand field of D3y symmetry (Ba/Bs = 2, 8= 0.80,
Dqyx = Dqeq)- From left to right, the effect of changing the B, /B4 ratio, the Dqgy/Dgeq tatio, the api-
cal angle @ and the nephelauxetic parameter g (for Dgeq = 1.0 kK).
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(ii) High-spin nickel(Il } complexes with trigonal bipyramidal geometry

An energy level diagram?%® for the triplet terms of nickel(Il) in D symmetry is given
in Fig.7, together with the effects of varying: (a) the B, /B, ratio; (b) the Dg(axial)/Dg
(equatorial) ratio; (c) the apical angle &; and (d) the nephelauxetic parameter 8. Spectra of
chromophores with rigorous D3 symmetry have not yet been described. However, the
[Ni(Meg tren)X] X complexes exhibit a crystallographic C3 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 a monometric crystallographic group?%?, therefore
anisotropic measurements 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 D3; symmetry?53,

The single-crystal polarized spectra for this complex are reported in Fiq.8, together with
the proposed assignment®$? | which agrees with the assignment previously proposed by
Ciampolini et al.>"! | and later by Woeod3'® . For the 3E ground level, under spin—orbit cou-
pling and Zeeman effects (Fig.9) (ref. 323), the following susceptibility components are
calculated®®, neglecting TIP contributions.

_Nﬁz 12(4e2A/KT + l)

Xy =
=2
3RTe2?\/KT +1+e 2A/xT
Waveiength ,nm
1500 1000 800 600 S00 400

T

Absorbance

frequency , kK

Fig.8. Single-crystal polarized electronic spectrum (A, mostly 1 polarized; B, mostly # polarized) and
diffuse reflectance spectrum (c) of the [Ni(Me4tren)NCS] NCS.H, 0 complex, with the proposed assign-
ment in Dy symmetry (for B3/Bg = 1.5, Dgax = Dgeq = 1.25 KK, 8 = 0.75) (ref. 263).
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These formulae produce magnetic moments larger than observed. This has been attri-
buted3??® to £'~E" mixing under C3, symmetry, the states of £” being eigenfunctions with
M; == | while the ground state eigenfunctions have M; = * 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?®3.

(iii) High-spin nickel(ll} 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 diagram3** for ,, symmetry is shown in Fig.10. The N3O, chromophore of the
NiSAL-MeDPT complex has an approximate C;y, symmetry if the aliphatic chains and the
salicylaldimine groups are neglected. The single-crystal polarized spectra of this complex®*
are shown in Fig. 11. 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 8 averaged to 110°%.

Magne tic moment values of this type of compound are ca. 3.3 BM,, i.e. generally lower
that those found for complexes with higher symmetries.

* A paper discussing the spectral assignment of NiSAL-MeDPT has recently appeaxed333 A 382 ground
level in C,,, symmetry has been proposed in order to account for the polarization properties. How-
ever, the correiation between Dy, and €, symmetries requires, by symmetry restrictions, an 4
ground level (see Fig. 10).
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Fig.10. Electronic energy levels for the nickel(II) ion in Cay (left), D3j (right) and intermediate Cgp
symmetries, (Ba/Ba = 2) (ref. 324).

TABLE 8
Observed and calculated band energies for [NiSAL—MeDPT] (ref. %)
Frequency (kK)
Assignment (Coy) Observed Calculated (Cqyp)
3 3
Ay - ’piR) (<5.0) 4.0
2Ba2(F) 8.4 1.6
34,0 10.0 8.8
:;A 2(F) 12.0 13.4
By (F) { 15.8
sgry 168 16.6
344(P) 23.8
3B.(P) b 25.2
’By(P) 26.6

‘;’ Parameter values: Dg = 1.3 kK, Ba/Bs = 2,8=110°.
Masked by charge transfer™".
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Fig.11. Single-crystal polarized electronic spectrum of the NiSAL-MeDPT complex along 4. &. and ¢*
crystallographic directions corresponding to v, z, and x polarizations, respectively (ref. 324).

(v} High-spin cobalt{I1 } complexes with square pyramidal geometry

An energy level diagram for C,, 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 4, or the *£. This situa-
tion renders more difficult 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)4
Cl0,] ClO; complex on the basis of the reflectance spectrum alone, assuming a *4, ground
level®*?. This assignment was eventually confirmed on the basis of single-crystal polarized
spectra of [Co(PhyMeAsO)sNO;]NO; (ref. 325) (Fig.13). However, the polarization prop-
erties are not very marked, presumably because the 4 and F levels are very close, perhaps
within 1 kK, 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; chromophore are: Dg(basal) = 1.05 kK, Dg(apical)/Dqg(basal) = 0.85, 8=
0.87, a= 106.5°, B /B, = 1.93, k= N2y = 0.82.
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Fig.12. Energy level diagram for a cobalt(ll) ion in a ligand ﬁeld of Cqp symmetry (B3/Bg = 2,a = 100°,
8=0.75, Dg,p = Dqyy,). From left 1o right, the effect of changing the B3/B4 ratio, the Dgyp/Dqpas
ratio, the apical angle « and the nephelauxetic parameter g (for Dgpag = 1.0 kKK) (ref. 322).

(v} High-spin cobalt{Il } complexes with trigonal bipyramidal geometry

An energy level diagram®?® for cobalt(Il) in D3j 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,
isostructural with the analogous nickel complex, has been investigated using polarized light
326 The polarized spectra shown in Fig.15 can be assigned on the basis of an effective C3,
symmetry. In the present case the assignment is rather straightforward as shown in Table 9.
Reasonable agreement has been obtained for B, /B, ratios ranging from 1-1.7, 8= 0.65—
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Fig.13. Single-crystal polarized electronic spectrum of the [Co(PhaMeAsO)4NQ3 | NO3 complex at 80°K
(A, It polarized; B, 1 polarized), with the proposed assignment in Cg,, symmetry (for Dgp,¢= 1.05 kK;
Dqap/Dqpas = 0.9; B2/By = 1.75;a = 108°; 6 = 0.87) (ref. 325).

TABLE 9

Observed and calculated band energies for [Co(Megtren)NCS]NCS.H, 07

Frequency (kK)
Assignment (C3p) Polarization {(Cyy) Observed Calculated (C3y)
‘4, - ‘4 Forbidden (< 4.0) 3.0
4P Paratlel (< 4.0) 36
SR Perpendicular 5.8 5.2
QE(F) Perpendicular 14.8 14.8
AQ(P) Parallel 16.5 16.9
AEWE) Perpendicular 21.0 209

7 Parameter values: Dgeq = 1.2 KK, B2/Ba = 1.0, Dgax/Dgeq = 1.05, & = 85°, § = 0.70 (ref. 326).

0.75, a = 80—85°; Dg(axial)/Dg{equatorial) = 0.95—1.05; Dg(equatorial) = 1.2—1.3 kK
{(ref. 326). The values 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®?° .

_ As mentioned earlier, high-spin trigonal 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 cobaltway ion in a ligand field of D3p symmetry (B3/Bs =2, 8= 0.75,
Dqax = Dqeq)- From left to right, the effect of changing the B, /B, ratio, the anx/DQ'eq ratio, the api-
cal angle « and the nephelauxetic parameter § (for Dgeq = 1.2 kK) (ref. 326).

of some of them is inverted. This effect has been verified in the 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 B.M.,
owing to the orbital contribution of the excited E 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 contribution) and g values are given by

o =V 1+9e~/xT (5= 12)8)
VkT 1+e 8T - A

(525 -]
x, =NB?

1 +e8/xT
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Fig.15. Single crystal polarized electronic spectrum (A, mostly L polarized; B, mostly I polarized) and
diffuse reflectance spectrum (C) of the [Co{Megtren)NCS] NCS.H,O f:omplex326 .
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Fig.16. Single crystal polarized electronic spectrum of the [Co{NP;3)Br} PF%{:omgiex {A, mostly i polar
ized; B, mostly I polarized) with the proposed assignment in C'3p symmetry 7,
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Fig.17. Splitting of the 34 ' term under the effect of successive spin—orbit coupling and magnetic field
perturbations™ ",

Since the energy separation between the ground level and the excited £ levels decreases
with the axial donor strength, the U is expected to vary in the order I > Br > Cl for the
Me, tren complexes, as it has, in fact, been found to do.
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