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ABBREVIATIONS 

N monodentate nrtrogen base 

Nanb zfomatic nitrogen base 

N2-Rpy 2-alkylpyndme 
NnN biden tate mtrogen base 
On0 &keto-cnola te l&and 
R organic resrdue 

acac acetylace tonate 

X ihahde or pseudohalide Irgand 
Y anronic ligand 
Z anionic or neutral hgand 
P square planar 
t tetrahedral 

aem aminoethyImercaptide 



2- t/3-ammae thy11 pj ridme 
2-aml~omcrthy~d-methyl-pyridine 
~f-f~-d~methyl~m~not2th~l)formimidoyEbcnzene 
3-bromopyrrdme 
benamldazoie 
t-buty~aminoethy~mctcdptide 
bls~~mlnoethyI)arnlne 
ba ~~arn~~opr~pyi~~~~~~~ 
dtethyfaminoethyfmercJptlde 
ZQ?-ethylam~naethyf} p~ndtne 
2-(p_d~etl~yl~m~nocthyO pyrldme 
N-ethylethyIenediamIne 
iV,NaiethylcthyIenediamrne 
N, Nidlerhylcthyfsncdlaminr 
2ethyfamtnomethyI-pyrrdlne 
2_dlethylamlnomethyl-~YrIdlnc 
4-e thylpyrrdme 
~~cthy~ph~sphInocthy~~thy~s~lph~de 
rV-f~hydro~ycthyt)~mmod~acct~c atid 
lsaqumofmc 
dlmethylammoethyInxr~ptide 
2-(P-methylaminoethql)pyr~dmc 
2-CP-dlmcth~~lam~nocthyl)pyrid~nc 
2-methyl;znunomethyf-pyndine 
2-mcthyibenzimldaztJXe 
2-mcthylbcnzothlazolc 
N,rV-dlmcthylethq lencdramme 
N,N,i\i’,~~-tctramcthylethglcnedi~lmlne 
2-rncth~r~~rn~d~2u~~ 
3-rnethy~~s~~~l~o~~~e 
I-[hT-(P-d~cth~flamInoethyl)-formi~~d~y~~-2-m~th~~y-be~~~n~ 
l-[~V-(~demethylam~naeth~I)-form~m~doyl]-2-methozy-benzene 
t-[h’-ly-drmethylamrnapropyl~-formrmrdoyl~-2-methouy-benzene 
2, Y-dtmethylphenatlthrolrne ( 1, I Of 
2-rne~h~~~y~~d~~c 
3-mcthylpyrldme 
4-methylpyndme 
2,3-drmethy lpyndme 
2,4_dlmeth) tpyrgdme 
2. ~-d~~cthy~pyr~d~~~ 
2,6-dlmcthyfpq rrdrnc 
3,4-drmethylpyridinc 
3.5drmethylpyrrdine 
l-drmethq larnln~3-rne~yfarnI~~~~~~~~e 
1,3-bIs(drmethyfamtno)-propane 
b~sf6-meth~lpyridy~(2)-methylf ammc 
tns[ 6-methylpyndyl(2)-methyl] amme 
4-ammopyrldine 
tpyrsdyl(2I-methyff-fp-pyndyf~2)-ethylJ-sulphtde 
tn~C2-dlmethytaminopbe~y~~ pbospfime 
2-~P-drpheny~arsinoethyf) pyridme 
2-(pdlphcnylphosphlnoethyl)pyndrnc 
2,6-bis(p-dlphenylphosphlnoethyl) pyridme 
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Wh2Pmhp 
PhP(phNMe& 
PhzPphNMe2 
pmSmp 
PY 
quina 
n-Raem 
saIenAsPh2 

saIenNhIe 
saIenNhIe2 
salenNPh2 
salcnPEtz 
salenPPh2 
salenSMe 

S&p 
salmp 
sal tnNMe 
saltnNMePh 
In-stie n 

tpma 

2, ~bts(B_dlphenylphoshln~me~yl) pyrldrne 
bis(2aimethylaminophenyl) phenyIphosphine 
2-dimethylaminophenyl-d~phenylphosphme 
bls[pyndyl(2)-methyl lsulphlde 
pyridrne 

qumaldme 
n-alkylammoethy lmercaptlde 
IV-(&dIphenylarsmoethyf) sal~cylaldnnmatc 

IV-<P_methylaminoethyl) sahcylaldlminate 
N-(pdimethy~aminoethyl)salicylald~minate 
N- (@-diphenylaminoc thy!) sahcylaldlminate 
N-(~Diethylphosph~noethyl)sal~cylald~mmate 
N-(~-dlphenylphosphmocthyl)sal~cylaId~minate 
N-(lZmethylth~oethyl)sdhcylaldimmate 
N-CP-pyridyl(2)-etfiyI]sallcyla~dlmlnate 
N-IpyridyI (31,methyl] sahcyIaldlminate 
N- (y-mcthylaminopropyl) salrcylaldlmmate 
I~-(&methylphenyIam~noethyl) snhcyIaldrmmate 
fttesc7-stllbcnedramme 
trls[pyrldyl(2)-methylEamme 

A. INTRODUC-IION 

Up to the early nineteen-fifties chemzsts recognised only the characteristic coordination 
numbers six and four for nickel(I1). In the first case an octahedral and in the second a 
square-planar or tetrahedral structure was recognised- Later Ciampolmi et al. 1s 2 charac- 
terlsed five-coordtiate mckel(II) with a trxgonal-blpyramidal disposition of the hgands, 
and Saccom et al. 3 character&d compounds with a square-pyramidal disposition. Very 
recently nicket(I1) chelatces with a distorted trigonal-prismatic structure have been de- 
scrzbed4, Also, interesting new aspects resulted from the detectron of the phenomena of 
“interallogony” 5 and “coordination polymerisation”6. 

This structural variety, together with the development of ligand fiefd theory as a simpIe 
method of showing relationships between structure and the spectral, magnetq and reac- 
tive behaviour of coordrnatlon compounds, has been the main reason for the active interest 
in the coordination chemistry of nickel(I1) during the last decade Today the extensive 
experimental results make it possible to explain the isomerism ‘-4 of P_keto-enolate com- 
plexes of nickel(II), the structural differences lo of compounds of the type Nl(en)2XY 
and the high-spin or low-spin character of five-coordinate nickel(H) cheIates 1 1 _ In this re- 
view some of these results will be summansed without attemptig completeness, In partIc- 

ular the following problems will be treated: sterlc and electronic factors influencing the 
structures of monomeric complexes of the coordination numbers four and fwe; the lm- 
portarce of steric and electronic factors in coordination polymerisation; the interaction of 
Iigands in mixed-l&and complexes, and the influence of the internal structures of the li- 
gands on the structures of chelate compounds of nickel(I1). 
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B. STERCC AND ELECTRONIC EFFECTS INFLUENCING THE STRUCTURE OF MONOMERIC 
COMPLEXES OF COORDINATION NUMBERS FOUR AND FIVE 

(i/ CCreiures of salicylaldrmines 

The structures of nickel(D) complexes of coordination number four depend mainly on 
the strength of the ligand field. A strong fieId favours a square-planar dispositron of the 
donor groups, whereas a weak field cannot force a change from the tetrahedral structure*, 
which, considering only &and-&and repulsions ’ 2, is the most stable. In the sahcylald- 
imine chelates I the ligand field is evidently of such strength that the square-planar and 

tetrahedral isomers have nearly the same energy. 
Thus, NalkylsahcyMdrnine chelates of ruckel(II) m non-coordmating solvents exhibrt 

a temperature-controlled equihbrrum between the dramagnetic square-planar and the para- 

magnetic tetrahedral isomers 13. In the case of the complexes with a-branched R the 
AF values are all low (Table 1). The tetrahedral isomer IS favoured by a-branching of R as 
observed in the sohd complexes (Table 2). This 1s due to the decrease of the non-bonding 
interaction between the o-branched substrtuent R of the first, and the oxygen atom of the 
second l&and (R’ and O”, and R” and 0’ of compound I) m the tetrahedral isomer com- 

pared to the square-planar one 13s 14_ 
The structure of complexes I m the solid state, however, is not only deternuned by the 

branching of R. This is shown by the complexes with R = r-C,H, and Q = H, 3-CH,, and 

TABLE 1 
Thermodynamic functions for the square planar-tetrahedral equrllbrlum at 12O’C m dlbenzyl soiutlon 

R Q 
llsF As 
(kcal mole- 1 ) (kcal.mole-’ 1 (e-u 1 

-CH2CH2CH3 H 2.9 46 4 
-CH+CH2CHJ S-CHS 2.8 4.6 4 
-CH*CH*CH~ S-cl 2.7 5.2 6 
-CH(CH312 H 0 52 32 10 
-CHI(CH31, 5KH3 0.20 25 6 
-CH (CH3)2 5-cl 3.16 20 4 

* Unless there are specific reasons for the contrary, structural dlstortions HIU be Ignored in this revtew. 
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TABLE 2 

Structures of nickel(II) compkxes of substcuted sahcytaldimixms 
- 

Q R 

HI CH3 n-C3H7 '<3H7 r-C4A9 
* 

H p (ref. 19) p fiefs 20,Zl) fz p @ref_ 17) t (refs. 15,23) (Ii) t (ref 18) 
5-cH3 p (ref. 22) p (ref. 17) p (ref. 16) 
54x p (ref. 17) t (ref 17) 
34x3 p (ref 22) p (ref 17) p (rcfs I6,24) (III) 
U=Z% t {refs. 16,25) (IV) 
3-Cf p fief -17) p (ref. 17) t (ref. 17) 

a Orthorhombrc (0~) and monochmc (p) forms 

3-C2H5 ~comp~~nds If, III and IV of Table 2). Investigation of the ~uar~-p~~a~ 

bison-isopropyl-3-ethyls~icylald~inato) palladium(II), *&e palladium analogue of IV, 
proved that the differences in the steric hindrance between the 3-methyl or the 3-ethyl 
and the N-isopropyl groups cannot be the reason for the square-planar structure of III and 
the t~t~~~dr~ struc~~~ of IV= ; in this case lattice energy is probably the main factor 
determining the structure. 

Structural analyses of nickel(I1) chelates of substituted salicylaldimines have shown 
that in the square-planar allogons tie W-N and the Ni-0 distances are smaller than in the 
tetrahedral ofies (II 23: M-N = 1,970 L%, NC--O = I.896 A%; III24 - M-N = 1.9Z.I A, 
N&-O = 1.837 A)- On the other hand, in tetrahedral nickel(II) chelates coordinated sali- 
cylaldimme ligands have a greater “bite” (w 2.84 A) than u-r square-planar chelates 
(- 2.72 A)27. The Ni-Ni distance in the orthorhombic bis(N-methylsalicylaIdiminato)- 
nrckel(IE)21 proves that in complexes of this interesting type met&-metal bonds similar to 
that in bi~(d~c~yl~~ox~ato)~lckel~~I) may exrst. 

Complexes 28*2g of the type Nl(PR3)2X2 are high-spin or low-spin with a tetr~~dr~ 
or a trans square-planar structure. Following a systematic investigation Venanzi and co- 

workers I2 stated that arylphosphines and bromo or iodo hgands favour the high-spin state, 
dlkylphosphinzs and chloro or thiocyanato ligands the low-spin state. In the spectrochem- 
real set-zs #he order 30 of the pertinent hgands ES I- CT Br- < Cl- < PR, < NCS- ; i-e_ in 
accordance with general experience ligands ttith a high ligand field strength produce a 
square-planar structure, and those with a weaker ligand field strength a tetrahedral struc- 
ture_ 

On account of the different s~~c~r~s of the complexes of the type Ni(PR&X2 
(Table 3) we must suppose that tie ~~lph~sphines surpass the aryIphosphines in their 
ligand field strength. Increased ;TT back-donation could be the reason for thy. The photo- 
electronic spectrum 31 of Ni(Ph3P)2G12 shows that the n-acceptor strength of phosphine 
f&an& in nickel(H) complexes has not vanished, but is 10w~~_ Therefore a h&her degree 
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of a-bonding33 seems to be the reason for the higher ligand field strength of dkylphosphines 
in four-coordinate nickel(U) complexes. This correlates with the higher p& vahe~ of all@- 
p~~s~~~s in ~o~pa~s~n to a~lp~~sp~in~~~~ (pJ& values: Ph3P, 2.37, (n-C4H&l?, 8.43). 

A stepwlse qubst&rtion of alkyd ‘by aryf groups in phosphines causes a stepwrse diminu- 
tion of the l&and field strength. WI&e dialkylarylphosptines, like trialkylphosphines, form 
only square-planar complexes wrth mckel (ii), tie tetrahedral and the square-planar WHO- 
guns of compounds of the type ~fallcyl)P(arya)2j ,NrX2 have nearly equal energy- Lattice 
energy and salvation energy are therefore sm;rcture-determining factors. Tfius, in the s&d 
state compounds V, VI, and VIf (Table 3) have a tetraheclral structure- On the other had, 
an equilibrium between the tetrahedral and the square-planar allogons IS observed rn hen- 
zene sohttion. As expected, thus ecplfibrium is most Favaurable to the: square-planar 
allogon in the case of the chloro complex V35. Be&u& of the higher d&pole moment of 
the tetrahedral form @ N 6-9 D, square-planar form g cv l-3.5 ID), its evident stabtiisa- 
tion by polar solvents is clear 36- Two isomers of the compounds Nr[(C&)PPh2] 2Br2 
(ref- 359, Ni[(~&&H1) PPh, 1 *X2 (ref_ 3 5) (X = Cl, Br, I; Table 3), and 
~~[RPP~~~ 2Bt2 fief- 36) (R = Et, PI?, Pr*, Bul) are known. The complex Ni[(C6H,CH3)- 
PPhz] 2Br~ LS of special interesr. Besides the square-planar, diamagnetic form (IX, Table 3), 
a pararnagnetrc form with an abnormal magnetic moment can be prepared (VIII, Table 3). 
According to the structural analysrs 3g thrs is an interallogon. in the unit cell one square- 
planar and two tetrahedral. molecules are present. Evidently this unusual structure permits 
the ti&test packing of the molecules in the crystal. 

Tlvs and other structural analyses 40g 41 have confirmed conclusions concerning tie con- 
figuration of the complexes of the type Ni(PR&Xz drawn from spectral and magnetic 
properties. There is, however, a marked distortgon in the pammagnetic tetrahedral allogons: 
for example 41, the angle Br-Ni-Br in Nl(PPh3 )2 Brz increases to 126.3”. This widenmg 
in comparrso;rr to the normal tetrahedral angle is attributed to the non-bonding interactions 
between the bromo lrgands, Despite the angle of 126_3”, the Br-Br distance is 4, I8 A, 
only shghtly greater than twrce the van der Waals radius of the bromide ion. 

As III the case of the s~cy~~d~~~ chelates of nickel(~I~ (Sect. B(I)), square-planar 
complexes of the type Ni(PR3)2X2 have a shorter metal-ligand distance than is observed 
with the tetrahedral analogues (VIII 39 : square-planar molecule Nz-Br = 2.305 a, Nr--P = 

2.263 A; tetrahedral molecule Ni--Br = 2.359 and 2.351. .& M-P = 2,316 and 2.314 a). 

Complexes of the types NicN)ZX2 and Ni<NnN)X2 may have a polymeric octahedral OF 
a dimeric square-pyr~d~ structure (Sect, C)_ monomeric ~o~p~~nds with f~ur~~oordi~ 
nate nickeI(II) (Tables 4 and 5) have also been characterised. The structure of these de- 
pends to a high degree on the amine ligands. Complexes contammg tertrary or secondary 
ahphatrc menu or bldentate amines are tetr&tedral. 1x1 the case of diethyiarnine two iso- 
merit compounds have been obtained 42. Among monom~~c complexes of the aromatic 
nitrogen heterocyctes iodo compounds preva& In most cases they have a square-planar 

structure, while the corresponding chloro complexes have a tetrahedral structure. Conse- 
quently the situation here IS the reverse of &at found with complexes of the type 
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Ni(PR&Xz {sect. B(ii)). 
Lever et al.45 have discussed the special bond type between nickel(Ig) and aromatic 

nitrogen heterocycles The latter may act not only as u-donors, but also by using their 
an~ibonding n-orbitals, as n-acceptors. NickelfII) is only a weak n-donor 33, but its donor 
strength increases if it is combined with halide ligands with a relatrvely low eleetranegat- 
ivlty- Therefore the group NllZ is more capable of z back-donation than the group NICK,. 
It also leads to a larger decrease in inter-electronic repulsron energy and therefore fac&tates 
spin-pairing. Owing to this ba~k~d~nat~on, especially m the complexes ~~~~~~)~~~, the 
mean ligand field strength increases, and the pairing energy decreases, to such a degree 
that the square-planar diamagnetic allogon becomes more stable than the tetrahedral one, 
In this connection it must also be noted that in tetr;lhedral nickel(H) complexes z back- 
donation is weaker tian in oct~~dr~ or s~~ar~~p~~ar OII~S~~. 

The degree of z back-donaxion, which is an electronic effect, cannot be tie only reason 
for the formation of square-planar molecules of the type N~(NJ$CJ. This is shown most 
clearly by comparing the compounds 1X and X (Table 4). The donor strengths of Z-Mepy 
and 4Mepy are orrfy sligtntly different CpK, [25°C)47: 2-Mepy = 5.94,~Mepy = 6.03). 
A dTfference in the n-acceptor strength cannot be excluded Ias, but it should be low. In 
spite of these minimal differences in. the electronic properties of the two plcohnes, com- 
pound IX has a square-planar structure and X a tetrahedral. structure. Evidently the reason 
for this is a steric effect 48_ In tetmhedral complexes of the type Ni(N,,,,),X, there is 
an rnteractron between the s~bstit~ents R chiefly where the space in the coo-r&nation 
sphere of the central atom available for the ligands N,,, is reduced by two bulky iodo 
ligands. By contrast, even. with 2,6-Me*py as a &and little stenc hindrance is expected if 
the complexes NI(N,,G_~~~ 2 2 ) X have a square-planar structure and if the nitrogen ligands 
are arranged perpendicularly to the plane of ni~kel~I1) and the four donor atoms. 

The fine structural balance exhrbited by the compounds Ni(N,,b),X, is demonstrated 
by the complexes XI-XIII, XIV-XVI, XVII and XVIII. The ligands Smethylbenzumd- 
azole (2-Mebla), 3-methylisoquinoline (3-Mere), and 3;methylbenzothiazole (2-Mebta) have 
a methyl group in the position a! to the nitrogen donor atom_ This methyl group, both in 
the tetrahedral and square-planar complexes of the five-membered heterocycles 
N1(3-Mebia)2X2 and Nr(2-Mebta)zXZ, 1s more distant 4g from the central atom than in 
complexes of the six-membered heterocycle 3-M&q. Therefore, while 3-M&q is completely 
analogous to 2-picolme (Table 4}, sterrc hindrance in complexes of 2-llifebia and 2-Mepta 
is low even in a tetrahedral structure. Since the n-acceptor strength of 2-Mebra should not 
differ much from pyridine, these two nitrogen ligands should be comparable with regard 
to their coordination tendency. The tetrahedral configuration of complexes XI-XIII is 
therefore not surprising * _ 2-Mebta, however, is a weak o-donor (pK, = 2.53) and a good 

* The complexes Nl(py)&l~ and Nx<py)2Br:! are octahedral polymers (Sect. C) and in this way differ 

from XI and Xii, but tie complexes N1(3-Mepy)zCla and N1(3-Mepy}zBrZ, whtch have the same 
st.ructure as Ni(py),Cl, and N1(py)zBr2 in the s&d state, dissoctate into tetrahedral moxmmers cm 
dtssolutxon zn polar soivents. TIUS sho\vs that the octahedral polymer and the tetrahedral monnmcr 
of the complexes N~{N~b~2~2 drffer crrily slightly with regard to their energy, and that ~~sti~u~~~n 
at Nanb, though rather drstant from the coordination centre, favours zhe tetrahedral isomer 
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n-acceptor@. Coordination only occurs with the fragments “NrBr2” and “NiI2” whrch 
have a certam capacity for n back-donation and therefore those complexes which are 
formed have a square-planar structure (XVII and XVIII). Nx(ZMebta)~Ci~ could not be 
prepared4g. 

Some complexes of the type Nl(N)2X2 form tetrahedral and square-planar allogons 
having nearly equal energes, behaviour similar to that previously dIscussed in Sects. Bfi), 
[ii). Lattice or salvation effects can therefore cause one isomer to change mto the other. 
Thus, the square-planar complex Ni@Mepy& drssolves without structural change IR 
cold benzene or carbon tetrachloride 48, but m the more polar djc~orome~~ne the tetra- 

hedral allogon is fomled 44_ Lattice effects may also be the reason for the complexes 
XIX-XXII having a tetr~edr~ structure, whilst XX111 and XXIV havrt a square-planar 
structure. 

The b~dentate hybrid 11g~ds ~eaep, ~e2aep, Et2aep, Et2amp, and Ph,Pep ~o~taln two 
types of donor groups. pure o-donors (-NRZ) aud o-donors which are additionally weak 

~-acceptors (-PPh2) or inter~lediate n-acceptors ~pyr~d~ne groups) Table 5 shorn that 
the monomer chelates of the N-substituted P-amlnoethylpyndines(2! and aminomethyl- 

py~d~n~s~~~ are comparable to the correspondmg compounds of the N-substituted ah- 
phatrc dtamines with regard to their structure, 1.e. the pyridine donor group functions as a 

norrtx~I amine &and. The same is true for the pyridrne donor group m the chelates of the 
ligand Ph,Pep 

A coordination number of five is rather unusual in nickel(H) complexes and connected 
wrth certam steric requirements In nickel(I1) chelates the central atom can be surrounded 
by five bulky donor groups in such a way that a sixth doncrr group cannot approach near 
enough for bond formation to be possible. For instance, in58 Nr[tZMe)2dpma)Brz the 
two 2-me~ylpy~dine groups have such a blockrng fun&ton. However, coordrnation number 
5 is not confined to chelate compounds of nickel(U), as shown by the anion [Ni(CN)J 3-_ 
This, ~~~~1~ is ~r~~~R~ in aqueous ~ol~~~ons con~~i~~ excess cyanide, is one of the weakest 
complex species whose exrstence is unequivocally established. According to the general 

TABLE 5 

Structure and magnetic properties of monomer compounds of the types Nr(NnN)X2 and Ni(NnP)Xz 

Structure Fteff 
(B M.) 

Nl(Me4en) Br2 (ref 52) t 
Nt (blo4en) fz (ref. 52) t 
NlIMe4 tn)Q (ref. 52) t 
Nrfhfe4 tn: !3rz (ref 52) t 
~~(~fe4t~)f~ (ref 52) t 
Ni IMe3 u-0 Br2 (ref 53) t 
NI(Megtn) 12 (ref. 53) t 
~~~~e~~p) 12 (ref. 54) t 

3 26 Ni(MeZaep)Brz (ref. 55) t 3.43 

3 24 Ni(Etaaep)Cl, (ref. 55) t 3.47 
3.37 Nt(Etsaep)Brz (ref. 54) t 3 35 
3 32 NI(Etzaep) 12 (ref 54) t 3.51 
3 32 NI (Etzamp) Brz (ref. 56) t 3 36 
3.35 N1CEt2amp)l~ (rref. 56) t 3.39 
3.35 Ni(Ph2Pep)Q (ref. 57) t 3.29 
3-39 N~(P~*P~p) Brg (ref. 57) t 3 33 
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ruIesg that metaI complex ions which are difficult to isojIate can often be isolated as salts 
of Iarge ions (having an equal but opposite charge), salts of this anion could be prepared 
only xtith [Cr(NH3)6] 3t and simrfar counterions- Evidently fattice effects seabitrse 
[Ni(CN)S ] 3- in these salts, and these are, as tn the case of nickeI(I1) chelates of coordina- 
tion number 5, factors whxch are not connected wrth the direct interaction between the 
centraI atom and the figand. 

The two most symmetric arrangements of five rlgands are the square pyramid and the 
t~gon~ bipyr~~d_ C~uslde~ug only the ~~g~d-li~~d repulsions the latter is the most 
favourable coordinatxon polyhedron. A distorted square-pyrarnidaI structure is onIy sIi&t- 
ly less stable if the central atom is placed above the basal plane and the angle between the 
rn~t~-~ig~d bonds and the basal pfane, the “Internal pyr~~d angle”, ~~n~ts~~ to 10”. 

Crystail field stabdisation energy favours the square-pyramidaf. arrangement {internal. 
pyramid a.ngIe = @)- But the stabrlisation compared to the trigonaf-bipyramid arrangement 
is iow6JL (3-74 r)q for the fugh-spin; 4_ 12 LQ for the low-spin form)_ Thus sterrc require- 
ments and lattice energies rather than electrostatic mteractions are decisrve for the con- 
frpration of nickel[II) compliexes of the coordmation number 5, The best pr>& fur 1211s 

statement IS given by the two salts fCr(pn’j3 ] fNi(CN),] {ref_ 62) and [Cr(en), ] jNt(CN)s ]- 
I.5 Hz0 (ref. 63). The anxon of the first IS square-pyramidal. The second compcsund sur- 
prisingIy proved to be an interahogon composed of square-pyramidal and distorted trigonal- 
bipy ramrdal [Ni{CN& f 3- in the ratio 1 1_ Anhydrous [Ct(cr~)~ 7 [Ni(CN}5] contains only 
the: square-planar anionda _ 

In the square-pyramids [Ni(CN)5 ] 3- the central atom 1s placed 0.34 a above the bas;rI 
plume- The distances N1--Cbasat are 1.862 A, much smaller than the distance Ni-C.+d 
(2,l68 a). In the trigonal-bipyramidal [Ni(CN)5]3- the distances are. Ni-C, = 1,837 A 
(average vaIue), Ni-Ceq = 1.992, 1,907 and 1.913 A. 

Square-pyrarmcld or trigonal-bipyramId;al nickel(H) complexes may be of &c: high-spin 
or the low-spin type, depending upon. whether the energy separatron between the two 
highest d-orbit& (&&. Q~ > dl C4 v: b z > al) IS smaller or greater than the spin pairing 
energy. Sacconi and car-workers I1 have prepared and compared a great many rrickel(II) che- 
lates with the donor sets &X2 and I&X. The hgands, e.g. XXV, XXVI and XXVII, were 

\ 
EPh, 

/ 
KHz 12 --em* 

*\ 
(CH,l* - E’Ph, 

E= P.As E’=As.P 
Y= NH.0 s f=NH5 

i& 1 lgands 

/tCH,]Z-U 
N - CCH212-+’ \ U.V, W = NEt,.PPh,.AsFfiZ .OEt , SMe 
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chosen in such a way that their coordination compounds ought to have nearly tzze same 
geometry. Sacconi stated a unique relationship between the donor set and the spin state. 
The nephelauxetii: parameter /3 rather than the spectrochemical A parameter of the donor 
atom is the decisive factor, In thus way it is demonstrated that covalent bonding between 
the central atom and the tigands and the reduc”tron of the interelectronic repulsion is 
decisi-Je for the appearance of low-spin states of five-coordinate nickel(I1) complexes. 

In the nephelauxetic Series 64 the ligands are arranged approximately in order of de- 
creasing polarisability and increasmg electronegativrty. Moreover, as the polarisability 
largely decides the nu~l~op~i~ reactivity of a l&and, we can unde~t~d the connection 
between tie spin state of five-coordinate nickel (II) cheIates and the sum of the electro- 
negativiti~s Xx, and the nu~leop~lc r~a~tiv~~ monsters S;n* of the donor groups65. 
Sacconi 1 1 formulated the following relation, which is also valid (with somewhat different 
numerical values} for cob~t(ll~ complexes. 

Donor set D+zJX~ Donor set D$ 

V h&spin A V high-spin A 

12-76 255 13-2 22-3 -26 

Chelates whose donor set yields X:x and 2ho values near the cross-over points given in this 
relationship are most h~teresting. 1x1 the D,X, case this occurs for the donor set PNPC12 
(Zx = 12.85, X:rt o = 26.76)_ Here the high-spin and low-spin states Should differ only 
slightly in energy and the transition from one state fo the other should be attainabIe by a 
change of temperature. This has been confirmed by Nelson and co-workers66g67 during 
their inv~stx~ations of complexes of the ligands (Ph~~m)*p and (Ph*Pe)~p. At 294.2% 

~~~~Pe)*p~Ni~l~ has a normal magnetic moment Cr_r = 3.16 B.&I.), but at 99.3% a value 
of only 1.32 ELM. was found. As the X-ray powder diagram of this complex does not 
change with tempera~re the abno&rmal magnet&z behaviour must be a~~~~~~~d to a tem- 
perature-controlled equilibrium between 2 singlet and a triplet state. The complex 
[(~~Pm)~p~Ni~CS~~ behaves very similarly. 

Quantitative description of these equilibria 1s difficult. We must expect that in the rele- 
vant temperature range there is not only a change in the magnetic behaviour but also m the 
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bond distances and the lattice constants. This must effect a change in the energy differ- 
er,ce between the singlet and the tnplet states which cannot, however, be described by a 
simple mathematical relationship. It is interesting that [(PhzPe)2p]NiC12 has a trigonal- 
bipyramidal configuration; [(Ph,Pm)zp]NrC1, with the same donor set has a square- 
pyramidaI configuration. [(Ph,Pm)2p]NiC12 has a temperature-independent paramagne- 
tism &a = 0.9 1 B.M. at 293°K) Iike many low-spin nickel(H) complexes, and thus it 
doffers characteristically from [(PhzPe)zpj NiC12. This demonstrates very clearly the in- 
fluence of the inner structure of the ligands ((PhzPe)3p forms the two six-membered che- 
late rings, (PhzPm)2p two five-membered ones) on the configuration and properties of 
five-coordinate mckel(II) complexes. 

C. THE INFLUENCE OF STERIC AND ELECTRONK FACTORS ON COORDINATION POLY- 
MERISATION 

Among the nickeI(I1) chelates of N-substituted salicylaldimmes, as well as among the 
complexes of the types Ni(N),X, and Nr(NnN)X,, four-coordinate monomers as well as 
coordination polymers are known, The same is true for the Eketo-enolates of mckeI(II), 
which differ from the above-mentioned compounds in that square-planar not tetrahedral 
monomers are observed. 

Nl(py),C12 is the coordination polymer XXVIII with bridging chloro ligands, and six- 

coordinate central atoms 68- Numerous other compounds, usualIy coloured yellow to 
brown, of the types Nr(N),X, and Nr(NnN)X, which according to their l&and field spectra 
cannot be four-coordmate, have structures453 5oa 69y 7o analogous to Ni(py)$$_ Preston 
and Kennard ‘L have recently shown that the yellow &isomer of N1(2,9-Me*phen)Clz - 
CHC13, XXIX, has a dimeric structure with a distorted square-pyramidal arrangement of the 
ligands. The reflection spectrum of this compound 7f differs slightly from that72 of 

Ni(py)zClz. Therefore we must conclude that structural characterization of related com- 
pounds of the types Ni(N),Xz and Ni(NnN)X* made on the basis of incomplete ligand 
field spectra is tenuous. The literature must be regarded with caution. We thmk that di- 
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merie strxxtures analogous to that of Nr(2,9-Mezphen)Clz are more common than has 
been supposed unrii now. For rnstance, the drssolutron of Nr(Ne,en)Cl, (ref. 52), 
Ni~M~~ tn)Cl, (ref. 53) and Nl(Me~~p)~r~ fref 73) m polar, weakly solvattng liquids 
such as cr-drchlcrrohenzene or acetone without structural change indicates an oligomenc 
and not a hrghly polymeric structure. 

No st~c~re analyses of polymeric ni~kel{II) chelates oar-substituted s~~~yl~~rn~es~~ 
have yet been performed, Nolecufar weight determinations7S* 76 have shown that the de- 
gree of association is not much h&xx than 2. Associated and par~a~~t~c ~-aryls~icyl- 
aldimine complexes of nrckel(II) absorb 76 at 7500, l~,~~~, 12,800 and 16,800 tm--lI 

‘This correlates well wrth the spectrum of the compound XXX, whxch has a distorted 
square-pyramidal structure78, one of the hgands being tridentate, the other bidentate, 
~er~fore the assocrated ~-aryls~i~yl~dlrni~e chelates of ~~~k~~~~~~ must be assigned at 
least a dimenc structure with, for example, a distorted square-pyramidal arrangement of 
the donor groups at the two nickel atoms, and with two oxygen bridges. 

Oxygen bndges also exist in the bis-pketo-enolate camplexes of nickel@I), In the sol- 
vent-free compounds XXXI coordination number 6 is reached by trimerrsation ?9, though 
drmerxc compounds such as ~Ni(acac)~py~~ havmg an o~t~edr~ structure are ~ow~~~- 

Nyho~l and coworkers 81* *I2 have shown that the mauling ~~~ctron~~~r~~~ P~n~ipl~ 
provides a reasonable explanatron for the dependence of coordinator number in complex- 
es of transition metal ions Me2+ upon the nature of the ligands, Wrth easily polarisable 
(for instarxce PR, and I-) or strongly basic (NH3, ~t~NH) fiends a large tr~sfer of 
charge to the central atom is possible, and a relatively small number of ligands is needed to 
btig about ‘“electroneutrality”. Therefore, in spite of the high ligand field stabrlisation 
energy for octahedral nickef(II), four-coordmate complexes of the type Nr(PR,),X, 
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(Table 3) are quite stable; while five-coordinate compounds of the type Ni(PR3)3X are 
only known with PMe, as a ligand83. Furthermore, although there are complexes 4&o of 

composition Ni(N)4 I2 with coordination number exceeding 4, many four-coordinate, 
monomeric compounds NI(N)~Iz and Ni(NfW)I, (Tables 4 and 5) are also known. Evident- 
ly in monomeric complexes of the type Ni(N)2X2 (X = h&de aion of lower polarrsability) 
the four simple Iigands do not bring about ‘celectroneutrality”. Further species of type 
Ni(N)2X2 are added, acting as donor groups via the free electron pairs of their halide li- 
mds. Therefore compounds NI(N),CI, and N1(NnN)Cl, are frequently coordination poly- 
mers such as XXVIII or XXIXsoy szy s3g 73. 

The N-a@ derivatives are the weakest donors among the substituted s&cylaldiminate 
anions, WI& among the eketo-enolate amens the trrfluoromethyl compounds are weakest. 
This is in complete agreement w&r the ideas of Nyholm and co-workers81y82 that the 
tendency for associatron is highest 74, 84 precrsely in the nickel(II) complexes of these 
Ii,oands. 

Coordination polymerlsation is also influenced by steric factors, and, when the energy 
differences between the monomeric and associated forms are small, by lattice and solva- 
tion effects. Thus IS demonstrated by the followmg examples. Substituents m +the 2- and 
Gpositrons prevent associatron of the complexes Ni(2-Mepy)2X2, N1(2, 5-Mezpy)zX2 etc. 
(Table 41. The complexes 52 Ni(Me+u-np)Br2 and Ni(Me4en)Clz have five-membered 
rmgs and are associated m the s&d-&ate and in solution, while the compounds 
Nl(Me2aepjBr2 (ref. 55) and Ni(Me4 tn)Cl, (ref- 52), whrch have the more bulky six- 
membered chelate nngs, are monomeric_ Substitution of the EtNH group by the bigger 
EtzN group causes the associated complex N1(EtaepjCll to change73 to the monomeric 
Nl(Et,aep)Cl_ 3. Bis(Ara-tolylsalrcylaldnninato)nickel(II) is monomeric and square- 
planar 85, but bis(N-m-tolylsal~cylaldiminato)nickel(II) is associated &en = 3.34 B&I ) 86. 

It is thought that steric factors7, primarily, determme the monomeric square-planar 
structure of bis(dipivaloylmetbanato)nickel(II)*7 as opposed to the tnmeric structure7g 
of bis(acetylacetonato)nlckel(II) There 1s a relation between the @a values of the 1,3- 
diketones, measured in 75% dioxan, and the structure of the corresponding nickel(I1) com- 
plexes84. &Keto-enolate anions of comparatively low baslcrty (low pK, values of the 
corresponding 1,3-drketones), form truneric, six-coordinate complexes, Eketo-enolate 
amens of high basicity (hrgb pK, values of the correspondmg 1,3-diketones) form mono- 
merrc, four-coordrnate compounds. The nickel(H) chelates of 1,3-diketones of medium 
acid strength (13 3 < pK, < 14.2) exist as monomeric and trimeric isomers. Graddon 
therefore concluded that C‘electronic” rather than sterlc effects determine the structure of 
pketo-enolates of nickel(U)_ Certainly thrs applies to compounds with terminal CF3 
groups. But for the fluorrne-free P_drketones it must be taken into account that the pk_, 
values depend not only on the inductive effect of the tern-nnal groups (aryl or alkyl 
groups), but also to a hrgh degree on the v-eIectron delocalisation w&in the P_keto- 
enolate anions- All these factors tend to binder the formation of the planar conformers 
of these amens and In tlus way the n-electron delocalisatron will bring about a decrease of 
the pKa values For instance, for steric reasons an annelated six- or seven-membered hy- 
droaromatlc ring renders the formatron of the planar conformers of the &keteenolate 
anions more difficult than does an armelated five-membered ring, Only on this basis, not 
on that of the inductrve effect, may the great difference between the pK, values of 
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2-acetylcyclopentanone, 2-acetylcyclohexanone and 20acetyfcyclaheptanone flf.6; 14.1; 
14.1) be understood But the steric factors hindering the formation of the planar con- 
formers of the &keto-e&ate anion, aLso hinder8 the trimerisation of the /3-keto-enolates 
of nickel(Ii~. Thus there is no ~on~radx~~~on between Graddon’s experimental results and 
the earlier statement on the d~m~ati~g infh~ence of steric factors on the structure of 
fluorine-free ~k~t~e~o~~tes of nickef (11). 

D. POTENTIAL AND ACTUAL ~ENT~C~TY AND GE~~~~RiCAL ARRANGEMENT OF POLY- 
DENTATE LlGANDS IN NlCKEL(II) CHELATES 

In Sects. B and C the steric and electronic influences of Mona- and bldentate ligands 
on the Gon~~~atIon of ni~kel(~~} complexes have been examined. Thrs was $ways based 
on the premise that &dentate ligands coordinate with both donor groups, Le. that their 
~~r~~~~~~~ denticity corresponds to their ~ci~~~~ dentIcity. In consid~r~g coordination 
compounds of tri- and tetradentate hgands the validity of this premise is questmnabie 

As shown in Sect. E, in mixed-ligand complexes the “‘second” lrgands influence the 
actual denticity of polydentate ‘“first” hgands to a high degree. Here the less complicated 
case of complexes GoRt~ni~g only one kind of hgand wrll be treated, We shti see that not 
only the nature of the donor atoms but also ‘“inner-Iigand” factors * are important in 
estabhshmg the actual dentlcity. ‘These factors also mfl=ence the geometrIcal arrangement 
of the ligands in coordination compounds. They are, for Instance, the deciding factar 
which determules whether a rn~ridi~n~ or a factal ~~n~~ration is found fo; octahedral 
I, 2-complexes of tridentate hgands. 

~~inome~~y~m~rca~tlde and its fV-substitue~t products form diamagnetic I .2-com- 
plexes** with mckel(I1) h w ose configuration 1s decisively influenced by the type of the 
substituents. The green complexes Ni(aem)~ and ~l(?~-~aem)~ are monomeric and have 
UQHS square-planar structures. Increasing the cham length of the alkyd substituents causes 
no essential changes m their propertles, i e increasing the sterle requzements without in- 
creasing the bulk m the immediate vicinity of the coordinated nitrogen atom does not 
dter the manner of chelatmn. The maroon compound N1(Me2aem)2 also has a planar 
AWZS structure, but the bathochromic shift of the hgand field band in the visible region 
(- f 5,700 cm-l for Ni(n-Raem)t, 13,900 cm- 1 for Ni(Mezaem)z) points to additional. 
steric requirements of the coordmated tertiary amino group, FinaUy, the brown comptex- 
es Ni(EtZaem)t and ~i(~-Buaem~2 have polymeric, square-planar structures XXXHI with 
mercaptide bridges- Evidently there is no space in the immediate vi&@ of the central 
atom for coordination of two very bulky ~ubu~~~~o or die~y~~~~ groups, and these 
steric requirements are met by the f~~a~i~n of a polymeric mer~a~tide XXXUI. That 

* The slzc of the chclzte rmgs, the type of substmtion at the donor atoms, and the tisdlty of the 
ligands may be considered as “mner-&and” factors, 
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Etzaem can be a bidentate ligsnd IS demonstrated by the compound [Ni(Et,aem)C1] 2 
(XXXW), Only one dxethyfamino group IS coordtnated to one central atom m this case, 

and therefore any overcrowdmg IS avoided. 
Interesting insi@-tts into the relation between the potential md the actual denticity of 

poiydentate ligands are gwen by complexes of s~icyl~d~i~es which are sub~~~~ed in tkie 
side cham, XXXV. As shown in Sect. B(i), salicylaldimine and its derivatives with n-alkyd 

IR 
CH =N 

,<c+>,, -E,R, for --Ef?? 

m (abbrevtatton OK--N~XERR’~ 

substttuents at the nitrogen atom may be considered as strong figands, causing the forma- 
tion of squareqlanar nickei(LI) chelates of the iow-spin type_ These cornpiexes prove to be 
coordinatively unsaturated by tlw5.r reactron with strong monodentate donors lake pyridme, 
forming ~ar~a~e~c trans octahedral his-adducts 8g. fn nickel (Ii) chelates of s&q4 ald- 
imim~ af the type XXXV, disregarding for the moment the groups -ERR’ (or -ER), II.& 
slfme environment is present as with nickel(H) complexes of N-(n-alkyl)substituted salr- 
cyl~d~ines. Therefore the central atom is coordinatively unsaturated, and depending on 
the donor strength of the group -ERRr (or -ER) the gap in the coordination sphere may 
be fiUed or unfilled_ The octahedral c~~~~rat~~n and the tridenticity of the figands in the 
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comp!exes Nl(salenNMe)z (ref- 90) N t(ssalenNMe2)2 (ref. 77), Ni(saltnNMe), (ref. 9 I), 

N~(sritmp)~ (ref- 92), Wsalep)z Iref- !)3) and Ni(salenPEt& (ref 94), as well as the 
square-pl~ar co~~~ra~ion and the b~~en~jci~y of the ligands m the complexes 

N~~s~en~h~)~ (ref. SZO), ~l~~~t~N~~Ph}~ (ref. 9QJ ~i~s~~nPPh,), (ref. 95) and _I 
Nr(salenAsPll2)2(ref. 95) may be explamed on thrs basis. 

In certain cases steric requirements become the decmve factors affecting the configura- 

tion. fn hgands of the type XXXV the imine nitrogen 1s sp2-hybndmd. Therefore in all 
complexes with ligands of the salen type (a = 2, fo~ation of a Eve-membered chelate 
rrng by the side &am) the donor atom E is constramed to lie in approximately the same 
plane as the donor atoms N and O- and the central atom On account of thts, octahedral 
chelates of these hgands must have a meridronal CIS confrguratran XXXVI, and m fact 

Saccom et al. g0 found the expected hi& dipole moment of 8.78 D for NifsalenNMe)z 
3ecause of the additional methylene group u-r the side chain, saltn hgands are more flexible. 

The correspondrng nickel(H) chelates can therefore have the facial conEguratron XXXVII 
wth a trmrs arrangeInent of the ERR’ donors The latter has been proved by st~c~re 
analysls~6 and the low dipole moment gI (C 1 D) of Nl(sa.ltnNMe,),- 

For CIS octahedral complexes of the type XXXVI, considerable sterrc repulsron be- 

tween the donor groups -ERR’ or -ER IS no doubt to be expected and therefore whether 
they &oordinat~ or not ~11 depend on their donor strength and also on their bulk. Evident- 
ly their bulk prevents the coordination of two PPh 2 groups bound m the side chains. For 
this reason Nl(salenPPh7)7 1s four-coordrnate wrth a square-planar environmentg5. On the 
other hand, In Nt(salen%&)~ the snmlI methyl substltuent has only a weak mfluenceg7 
and therefore m this case even the relatively weak donor -SMe can complete the coordi- 
nation sphere. The result IS an octahedral structure 

Ligands of the types R3aem, salenER2 and saftnER* coordinate in 1,2-complexes with 

mckei(II) accordrng to whether the number of potential donor groups and the characteris- 
tic coordination numbers of tile metal (4 or 6) correspond bvith one another. Wrti 1,2- 
complexes of potent~~y tetradentate hgands, however, the number of pot~nti~ donor 
atoms exceeds s1x, the highest characterzstrc coordinatron number of nickel(U) *. There- 

fore, non-coordinated donor groups must be taken mto account, and the followmg mter- 

* Coordlnatron numbers hgher 
but they ilze an evceptmn 

than 6 are known for btvalent c3 t1ons of tile heavier 56 elementsgs, 
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esting question arises- is one of the ligands tetradentate and the other bidentate. or are both 
tridentate m these 1,2-compfexes? En the case of [Ni(himda-2H)2] 2- the question was 
resolved by NMR spectroscopy in the following way 9yL In aqueous solutions of paraura& 
netic mckel(II) chelates contact shifts for the protons bound to the carbon atoms are ob- 
served which are strongly influenced by tie nearby atoms and by the conformation of the 
chelate rings. [Nifhimda-2H)2] s- gves tie szrme band pattern as the 1,2-comptrtx of the 
anion of IV-ethylimmodiacctrc acid. As the latter anron is only tridentate both the hgands 
in ~~l(hirnda-~~)~ ] 2- must be equivalent and tradentate. The hydroxy group is not coor- 
dinated, in agreement with our knowledge of the strength of the donor groups of the 
anion himda-2H (3N > -COO - > -433,OE-I) 

The arrangement of two tridentate hgands in octahedraI nickel(H) complexes can only 
be determlned exactly by a structure anafysrs. Meridional environments have been proved 
for the cations of the salts [Nl(dpt)Z](CI04)z, X-XXVIII, and [Nr<den)z fC1-, HZO, 
XXXEXf**. The NI-N drstances in these compounds are of interest. En the case of the 

primary amino groups they are nearly equal C2.14 and 2 16 a), but a notable difference 
exists for the secondary amino groups Here, the Ni-N drstances rn the dpt complex, which 
contams two sur-membered chelate rings, are much greater (2.22 as against 2-05 a}_ This 
pornts to a weaker bond between nickeffE1) and dpt compared to rnckel(fl) and den. 

In fNr(dpt)#+ relatively short non-bonding H. H distances are observed (2 15-2.20 
a) between the primary ammo groups of the first and the methylene groups of the second 
@and. USZR, * a mode% rt IS possible to show that by twisting the chelate ring and so re- 
ducing NF-N distances and ring strains, these H -.A vY drstances wotild become even shorter. 
For [Nl(der& ] 2-t no sterlc hindrance of this type can be crbserved. 

With complexes of tridentate ligands having different donor atoms Important indrcations 
as to the configuration may be obtarned by simple measurements. The big drfferences be- 
tween the dipole moments of tie merIdlonal complexes ~i~s~en~~e*)* and the facial 
complexes Ni~saltnNMe~)~ have already been mentioned m Sect. D(i). The spectra of tie 
two complexes also differ markedly in the regton where the vi band appears for strictly 
octahedral ~i~kel~~~) complexes For the &s octahedral Nl~s~cnN~~)~, one broad, asym- 
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metric maxtmum (- 10,5OG cm-‘) IS found, but for Ni(salenNMe& four maxima 
~7500,9000, 11,900 and 13,300 cm-l) are observed. These differences in the band pat- 
terns are characteristic of cis and PWS octahedral mckel(il) complexes with the same 
donor set L4 L>. Therefore they may be used to make deductions concernmg the structure 
of such compounds 

The shaft of the IR frequency Yga of the pyrldine ring102* lo3 in the COmpfeXeS 

[Ni(pm~mp)~](ClC34)~, XL, and [Ni(peSmp)2](80&, XL& shows that all pyridine m- 
trogen atoms are coordinated lo4 (P& pmSmp and peSmp 1600 cm-l, XL and XL1 
16 10 cm-l). The magnetrc moments (XL 3-16 B-M-, XL1 2.92 B-M.) and the type of II- 

XL 

NfYS/?N = pmSmp 

XLI 

ivns.nN = pesmp 

gand field spectra (maxima at 11,500, 15,500 and 19,000 cm-l for XL, and 11,500 and 
18,300 cm- 1 for XLI) pornt to an octahedral structure, XL haymg a trans and XL1 a CIS 
arrangement of the sulphur atoms, pmSmp contains two -N-C-+- fragments which must 
be planar because of the sp3- hybndlsatron at the nitrogen and carbon atoms of the ring. 
Because of this, the whole Irgand, like shelve” ?, attains a certain rrgdlty, which very 
probably forces a merldtonal arrangement m XL and a &RZHS posItIon for the sulphur atoms. 
The ligand peSmp, ~ont~n~ng an addltion~ nl~thylene group, like s~tn~~e~, 1s more 

flexible, and therefore a fac~J configuration of the cation [Ni(peSmp)12* should become 
possible Evidently the US Gon~~ration XL1 is ~n~rge~~~y favoured because of better 
possibllltIes for TT back-donatlon between the central atom and the ligands. 

In Sect. C it was shown that wxth complexes of the types Ni(N),X2 and NitNnN)X, the 
tendency towards coordination p~~ymerisa~ion via halide bridges is mfiuenced to a large 
extent bjr the steric and electrome requirements uf the ligands N or NnN, Such an influence 
of the second ligands * on the denticity of the first ligands is a general phenomenon (the 

* “Ftfsf hgands” are understood to be those whose function with respect to the central atom is changed 
by a vxrlation of the ‘“second bgands”. Substitution at the donor atom altering the electromc and 
steric ptopcrtles tvzthin cerrnitz Itrnits (for instance the change from a pyrldme to a bennmldaxole com- 
plex, but not to a nitnte complex) are charactewed as variatloon of the second Iigands. 



first ligands X are monodentate m the monomeric complexes Ni(T?J)2X, and Nr( NnN)X,, 
but bidentate in coordination polymers of the same composition). Further examples may 
be mentioned: 

(a) The f&t figands act as rn~u~d~~ta~~ or “zerodentate”, i.e. they do not enter the 
inner sphere of the central atom (cf_ the complexes of tie type Ni(NJ4Y2, Sect_ E(i)). 

@) The first ligands act as monodentate or as bidentate chelate l~gands (cf. the nitrite 
and nitrate complexes, part E(ii)). 

* But the second ligands can also bring about a variation of the steric arrarrgement of tb! 
first lfgands (cf. the complexes lVi(er~)~XY, Sect, E(I)) or of the kind of linkage between 

the first ligands and the central atom (cf. the nitrite complexes, Sect. E(b)). 

COrllgkXeS Of tilt3 type Ni(&Jy)q(ClO& Can be synthesised either by thermal degra- 
datition of the aquo complex ENi(Rpy)4(H~0)2f(C104)2 or by reactlon of jNi(HzO)6]- 
(ClO& w& the substituted pyrldme Rpy m organic solvents, In the latter case the water 
may be removed by reaction with 2,2-dimefioxypropane 105_ A blue paramagnetic and a 
yelh~~ diamagnetic type may be distinguished (Table 6). From the visible spectra {split- 
ting of the E”~ band, cf. Sect. D(n)) and the structure analysislo of N1(3,5-Me2py)4- 
(CIo,), it follows that the blue compounds have a ~afrs octahedral structure with mono- 
dentate perchlorate figands (distance N1--0Cl0~ = 2.187 a). Tl~e four 3, 5Me2py ligands 

form the blades of a four&laded propeller. The angle between the average plane of each 
of the organic groups and the plane ~~rpend~cu~ar to the twofold axis grout the per- 
chlorate grctups and the central atom is 46.6”. 

fNiC3,4-Me2py)~~(C104)2, on the ofher hand, IS square-planar 1°8, the distance be- 
tween the central atom and the nearest oxygen atom of each perchlarate mn: amounting 
to 3.343 a. Therefore WC= cannot speak of a coordinative bond between nickel and percblo- 
rate. me pfz~?s of the organic ligands are perpendicular to the plane in which the nickel 
and the four nitrogen atoms are situated. As expected there is a shortening of the Nr--N 

TABLE 6 

[ref_ 105) 
Cref ~05~ 
(ref. 105) 
(ref 105) 

(ref. 10s) 

(ref. 1053 
(ref. 105) 
(ref. 105) 

(ref. 106) 

Colour 

3h.E 

IA&~ blue 
BlUtZ 

Brqjh t yellow 
Blue 

Light blue 
Yeflow 
Yellow 
YeUow 

Pcff 
(B.M ) 

- 

36 
3.x 

3.5 
1.0 

3-2 

3-4 
mamagnetlc 
Dlamagnetlc 
Dlamagnetlc 
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distances in [Ni(3,4-Mezpy)4] (ClC),)z compared to those m Ni(3, S-Me, py)&ClO& 
(1.897 and 2.093 &I. 

The square-planar and octahedral specres of the compounds of type Ni(Rpy)4fC104)2 
differ only slightly with regard to thex energy; therefore a change from one to the other 

is easily possrble. Thus t-he blue Ni(3,5-Me~py)~(C~~~)~ drssolves m di~~orom~~an~, 
splitting off the F~rc~orate ligands lo6 and foxing the square-planar species [Ni(3, S- 

Me2pY)i+l ‘+; by the addition elf CHCZ,, probably through formation of a weak hydrogen 

bond, the yelIow [Ni(py)4 1 (C10G)2 .CHCL, is obtained fag from the blue N1(py)4(ClO~)~, 

and blue and yellow isomers of N1(3-Mepy)4(C104);Oy known (Table 6), and may be 
interconverted by heating to different temperatures 

The reasons why the square-planar fo_rm is favoured in one case and the octahedral form 
in the other (Tab& 6) are largely unknown. Steric hmdrance, for instance, ts by no means 
an explanatron of the structural differences between NI(~, 5-~e~py)~(Cl~4~~ and Nr(3,4- 
~~~PY)~~~C~~~~~ m the sohd state,. The obse~at~on that methyl and amine s~bsti~ent~ 
m the 4-positron of pyridme fdvour the square-planar species (Table 6)) 1s noteworthy, Proba- 
bly the weak +M effect with its influence on the electron density at *the nitrogen atom 
and, by this, on the n-mteraction between mckel(iIf and the pyridine hgand (cf Sect 
B(iir)) is decisive in favourmg the square-planar species i0s. Of course, the solutron behav- 
iour shows that outer-sphere influences are also zmportant m determmmg the structure of 
compounds of the type NifN),Yz. 

Whilst for the compounds NI(N)~Y* in the presence of the weak anronic donor CIOn- 
the substi~tion of the l&and py by 4-Mepy is sufficient to bring about the change-over 
from an octahedraI to a square-planar stature, complexes of the same type but cont~n- 
mg stronger aniomc iigands require a greater change of the second lrgands to produce the 
szune effect. IO&de LS comparable to perchhate. No doubt Ni(4Mepy),Iz is octahedral 

in contrast to [Ni(4Mepy)4](C104)2, but [Nr(3,4-Me2py)3] I2 and Ni(3, 5-Me2py)412 
have the same structure44 as [NHWJ-Mezpy)d J(ClQ, and Ni(S, 5-Me2py)4(CQ)2. 
In the case of the stronger anionic donor Br-, the square-planar structure 1s only realised 
m one isomer of [Ni(4_NQpy)4] Br, (ref. 44) and [Ni(bi&]Br2 (ref. 110). Recently it 
has been shown that complexes of the type Nr(Nj4Yz may have either an octahedral or a 
squ~re*pyramid~ structure. For ~i~2-Melma~~Br~, goodbye et aL7’ found a tra~zs ar- 

rangement of the hahdes, The Ni-Br dtstances are 2.53 and 3.57 fi. In view of the Ni-Br 
distance of 3.57 a, we can hardly speak of a coordinative bond, and therefore N@Merm&- 
Br, should rather be formulated with five-coordinate nickel(II). A chloro complex, ISO- 
morphous with Ni(2=Meima),Br_, 3 has also been isolated This shows that bulky second 
hgands in complexes of the type Nl(N)4Y2 may also displace chloro hgands from the co- 
ordination sphere of the central atom. 

Ethylenedramrne is probably the least bufky among the brdentate amine ligands, Tbere- 
fore complexes of the composition Nxfen)zZZ have no steric reasons for drsplacing aruonrc 
Or neutral Iigands from the ~oor~~nati~n sphere of the central atom. However, two en 
ligands in a square-planar arrangement produce such a strong ligand field that the energy 
yield on the addition of two weak donors (e.g. QO,- or AgI,- ions) in the @QHS positlon is 
small. This is demonstrated by the existence of the square-planar (Ns(en)z] [Ag$]2 
(ref. 152) and of d re square-planar isomer of [Nr(en),] (ClO& (ref. 11 I). However, if 
coordrnation of the donors 2 does occur, the arrangement of two en hgands 1s markedly 



affected. Thus, for the cation of LNi(en)-,(t1120)2](CL~4)2 the ligand field spectrum 
(maxima at 9800, 13,700, 18,400 and 2$X%3 cm-l ; splitting of vi) suggests a Cr;aizs wta- 
hedral structure whilst for ‘ihe cation of CNi(en)z(HzO),](BPh~)2 (maxima at I 1,000, 

18,000 and > 29,~~~ cm-l ; :TQ splitting of ye) a cl’s octahedral structure is ~ustui~ted I1 I. 
Very probably the mm octahedral configuration of the cation [Ni(~n)#-iZ0)2]** is 

stabiIised by hydrogen bonds betvveen the aqua ligands and the: perchlorate anions, 1-e. by 
an ~u~er-sph~r~ ;effect_ In the cake of fWi(en)z(H~o)2](BPh4)2 such an jntera~tio~ is im- 
possible- Therefore the cr’s c~n~~r~ti~n, probably with hydrogen bonds between the 
aqua Iigands, is favoured- 

Cfs structures are also observed for the drrnerlc complexes 1 I2 [(en)zNIClzN1(en)Z] Cl, 
(XIX) and [(en)zN113t;rNl(en)z] Br, _ Porai-Koshits et al. 1. explain the favouring of these 

XLll 

structures compared to the monomeric ones [N1(en)~C1~j and [NI{~~)~BQ~ ti this way: 
The lattice energy (~7~) of the salt [(en)2NKZ12Ni(en)2] Cl2 is considerably higher than that 
of the neutral complex Ni(en),Cl, (EN). Therefore, E, together with the association ener- 
gy of two frawents Ni(en)2Cl* iv111 over-campensate: EN and the energy of two! Ni-CL 
bonds ~~(en~~(~C~~~ ald Ni(en~~(~O~)~ (cf. Sect. E(ir)) have in fact a monomerl~ 
DWZS structure lo_ The considerable en&&& of the Ni--NCS and Ni-NO, bonds cannot be 
compensated by the lattice energy of the (hypothetical) s&t 

[(en)-, Ni 
ANCS \ 

‘SCN’ 
N&&](NCS)~ * and the energy of the assoclatron of the fragments 

(en)3Ni(NCS}+ or (en),Ni(NO,)+ by asymmetric NCS or NO2 brtdges (cf. Sect. E(ii)). 
However, it is not known why the fragments Nl(en)2Cl” dlmerlse via ~11s dichloro bndges, 
rather than pofymerise by ZJWZS chloro bndges 

Substitution of ethylenediamln~ at the nitrogen atoms or at the carbon atoms af the 
blsmethylene group mcreases the bulk and facilitates the formatIon of square-pfrmar spe- 



ties of the composition [Ni(R,en)2] Yz. Again the donor strength of the anionic ligands 
has great influence on the structure, as shown by the following examples: [Nr(&Me2en)2]- 
I2 is square-planar, whereas ~N~(~-M~~en)~~r~] and ~N~~~-M~~~~~2~~~~)~~ are DWZS 
octahedral r14. Furthermore, the cc~~~plexes fNi(a-Etzen)z] I&,, ~N~(Q-~~~~~~~~~~~~~~ 

and [Ni(a-Etzenj2]IZ are square-planar- Among tie halide ions oniy the ch.Ioride is added 
by the bulky cation [Ni(a-Etzen)z] 2+ forming1’s the octahedral species [Ni(a-j32en)2- 

cl,]* 
The “classical” example of a drarnine &and affectmg the coordinatlon of the first ti- 

gands rn chelates of the type Ni(NnN)aYz in a very specific manner is mez&ilbenedimine, 
Octahedral neutral complexes [Nl(m-~tien)2Y2] and square-planar complex salts 
[Ni (fir-stien)z ] Yz are formed depending on the donor strength of the arnon~~ hgands, In 
some cases, e-g- with Y = GlCH2 CCK3-, Cl2 CHCOW and C1, CCOO- f two isomers have 
been isolated t16-llSm m e c h aracterization of a blue isomer of Ni(m-stien)Z(ClZGHCOQ)Z 
with six-coormate nickeI(II) and of a yellow-green ““pseudo-interallogon’” containing one 
square-pl~ar and two ~ct~e~r~ specxes in the unit celf is of speciat interest Y The pre- 
paration of yellow ~Nl(H~N-GH2-GEt~-NH~~~](Gl~GHG~~)~ and of blue ~Nl(H~N-GH~- 
CEt,-Ntl,)2(Cl,CHC00)2] shows that in general C-substrtuted ethylenediarnlnes as lx- 
gands in complexes of the type Ni(NnN),Y, may affect the formation of isomcrsI*o A 
yellow, square-planar and a blue, octahedral isomer of Nr(H2N-GH2-CMe2-NH2)zC12 are 
known r21 II ‘Ike latter is a dimer having a structure ~~mparable to f(en),NiCl,Ni(en)2]C12, 
XIII. 

The nittite ion has free electron pairs at the nitrogen and at the two oxygen atoms. 
Therefore, as Jargenson and Werner recognised, it may be bound to a central atom by 
either the mtrogen or one of the oxygen atoms. Thus the possibility of formation of mtro 
or nitrrto complexes, and in special cases of corresponding lmkage isomers, arises rz2. For 
a 10s~ Une ~v~stigation into the type of nitrite coordination remained in the field of the 
Inert complexes of cobalt(III) and ehromium(II1). Only during the sixties was more atten- 
tion given to the nitrite complexes of nickel(LI), and thtcs it was found that rutrite can 

function both as a monod~ntat~ nitro (XLIII) or nit&o l&and (XLIV), and also as a bi- 
dentate &elate XLV or bridging hgand XLVI, XLVIL The reasons for the observed differ- 
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ences in the nitrite coordmation have been recogmsed above all in connection with investi- 
gations on chelates containing ethylenedlamme or other dlamines as second l&and besides 
the first ligand, nitrite. Table 7 shorv~ that in nickel(lI) complexes the coo~~a~~o~ of the 
nitrlte by the nitrogen is favoured, evidently because of the higher bond energy of the 
N&N compared to the MI-O bond (cf. the A&J’ value of isomer&&ion reaction (1) below). 
In a nitro complex, however, the angular nitrite ligand needs more space in the immediate 
vicinity of the central atom than in a nitrite complex. Therefore the rutro configuration 
will be reaEsed o&y in compounds I’3 whose second ligands provide little or no steric 
Frindrance to the approach of the nitrogen atom of NC?Z-. Ths applies to the neutral 
hgands of the complexes cited in the first column of Table 7; for the compounds cited in the 
second column the steric hindrance by the amine ligands 1s so great that only the mtrito 
configuration is possrble. 

There is a noteworthy difference in the configurations of the complexes XLVIII and 
U_, derived from the two isomer stdbene diamines. As shown by a model 1 25, the two 
phenyl substituents have an equatorial position at the chelate rings formed by rat-stlen, 
but an axial position at the chelate rings formed by nz-stien. Only in the latter case 1s there 
a non-bonding ~nt~ra~t~on between nit& groups in the rrans position and the phenyl sub- 
stituents and therefore a constraint on the formatron of a mtrito species. 

The cross-over pomt between stable nitro and stable nitrito configuration is observed 
with the ~umpo~nds ~Ni(~-Et~en}~~nit~te)2~, L; fNr(a-Ne2en)2~n~trite)zf LI; and 
[Ni(rquinj4(nitntej2], LII. It follows from the IR and visible spectralz6 that LI1 probably 
contains both nitro and nitrite species in the unit cell, and that the real configuration of 
L and L1 is de~e~ined by the relations in the second sphere (degree of salvation, packmg 
in the crystal). In this way we can understand why these compounds exist as the nitrito 
Isomer in the solid state, but a temperature-controlled equihbrium (1) between the nitro 
and nitnto isomers is established lz3 in ~~orofo~ solu~on. Because of the decreased 
steric hindrance the nitrito isomer is favoured by aS. 

AH = 2.3 + 0.6 kcal AS = 7.2 Ifr 1.2 e-u. 

While the structures of the compounds crted m the first and second columns of Table 7 
may be explained by the “classical” conception of the coordination of the nitrite ion, new 
structural aspects resulted from the research on the mixed anionic complexes of type 
Nr(NnN),(N+)Y (Table 8) lo. Above all, rf the second anion Y is a weak donor complex, 
salts with bidentate nitnte are formed. Most probably the stability of these complex salts 
compared with neutral complexes like ~Ni~en)~~~~*~X~ (X = Cl, Br, I) is favoured for 
the same reasons as are decisive far the salts f(en)2NiX2Nr(en)2]X2 (X = Cl, Br) lo (cf. 
Sect. E(i)), and therefore it 1s not surprising that [Nr(en)z@ICS)NUz)f, like [Nr<en)z- 

w2121 CLm 135 and [Ni{en)~(NCS)Z] (LTV) lo, contams monodentate nitrite and 
tiocyanate. However, in contrast to LIII and LIV [Ni(en)z(NCS)(NOz)] has a GAS strnc- 
We, probably because of a specific interaction between nitrite and the thiocyanate figands lo. 

As t.he nitrite ion has free electron pairs both at tie nitrogen and at the oxygen, several 
configurations are possible for complexes contaming thrs anion as a bidentate hgand. In the 
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TABLE 8 

w 
/10 

) Nl(Meaep)z J I (ref. 133) 
‘0 

-_-- 

case of the cation [Ni(en)z(nltnte)lC, for instance, a four-membered chelate ring LV may 
be formed lzg, or a coordmation polymerrsation to LVI, which is drstinguished by 
deiocalisation of Ir-efectrons I3 I, may occur. Referred to one unit [Ni(en)2(n~trlte)]+, the 

Nf’YN = en 

two cationic species LV and LVI should differ only slightly in energy; the lattzctce forcers 
should be decisive for the appearance of tie configuration LV in the haltdeq and of the 

configuration LW in the perchlorate as shown in Table 8. 
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If we include the chelatig nitrite in the discussion at the beginning of Sect. Efii), then 
the following graduation of the stenc requirements in octahedral nickel(H) complexes 
may be supposed: 2 mtro figands > 2 nifrito ligands > 1 chelating figand- Therefore for 
mxed-3 md complexes of type N~~N)~(nlt~te)~ we shall expect the following sequence 
of configurations with increasing buik of the anionic ligands. 

The most bulky aruonic figands should form only the I, I-complexes IN;/-- ..+_ )zNi(N)z a 
0 

This sequence IS realised in practice f34 as shown by the complexes LIII, L, LVII and 

/f-O 
(N <= )2Ni(Meqen)_ 

k. 
Again the difference in the configurations of LVII and LVIII 1s 

caused by the higher steric requirements of a @.nd forming a six-membered &elate 
ring coupled to those of a &and forming a eve-membered ring (cf. Sect. D). 

The purple complex Ni(3-Mepy)Z( nitrite). * Ce He, LIX 135, which crystallises after 
some days from a soiution of Ni(3-Mepy)4(ON0)2 in benzene has a very uncommon 

3-Mew 3 - Mepy 3 - Mepy 

3 - Mepy 3-Mepy 3- MePY 

t I X ( ?xmw?nc molecutes have been otntttedj 

structure- It is a ttier containing both cheIating and bridging nitrite of the types XLVI 
and XLVII. In this compound the sheet of nickel atoms and nitrite ligands is nearly planar. 
Thus effective delocalisation of n-electrons is possibfe. Probably this electron deiocalisa- 
tion and the distance between the coplanar pyridine ligands, which is optimal for a disper- 
sion interaction, cause the remarkable stabihty of LIX. 

In the IR spectrum of LIX, the characteristic frequencies for the different types of 
bidentate nitrite 136 are observed: 

@) Maxima at I412 and I236 cm-l + bridging nitrite type XLVI. (The lower frequen- 
cy v(N0) is shifted irttle from uaS of the free ion Cl261 cm-l), but the other has moved 
to much higher frequency (vS of the free ion: I328 cm-l).) 

(b) Maxima at I460 and I019 cm-l 3 brid~n~ nitnte type XLVII (presence of one v(N0) 
at very low frequency and one at very high frequency). 

(c) Maxima at 1299 and 863 cm-l + cheIating nitrite. (The two v(N0) are shifted to 
lower frequencies, but 6 (NO) (free NO,-* 828 cm-l) IS moved 134 to 850-880 cm-l _ With 
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compound LIX probably the lower frequency v(N0) is superimposed upon the correspon- 
ding band of the bridging nitrite type XLVI.) 

There are signifcant differences between these characteristrc frequencies of bidentate 
nitrite ligands and tfiose of monodentate ones L25. Thus for trzzns-Ni(en),(NO,), maxima 
are found at 1333 and 1299 cm-l (small nse of v,(NO) and larger nse of v,,(NOjj, and 
for ~~~~s-Ni(a-Me2en)2(~NO), maxima at 1387 and I130 cm-l (rise of v,(NO) and 
Iowering of v,,(NO), but to a smaller degree than with bridging ligands of type XLVII) are 
observed. Therefore IR spectroscopy, when reasonably used 111 conjunctron with visible 
spectroscopy, proves to be very useful for structural characterisation of nitrite complexes 
of nickel(II). 

h contrast to nitrite, monodentate nitrate can coordinate only by oxygen, and nitrate 
bndges analogous to XLVI are impossible_ Four-membered &elate rings, however, may 
etist in nitrate complexes (LX). 

In general, the nitrate ion is a weaker ligand than mtrite. This is shown by the followmg 
facts. 

(Q) Among the complexes of a-Et2en, [Nl(a-Et,en)2(ON0)2] is trans octahedral, 
having a nitrite configuration 125 but [Ni(a-Et2en)2](N0& is square-planar and no coor- 
dination of the nitrate ions takes’place 115. 

(b) In the @and-field spectra of ZT-QPZS complexes of the type N1(N)4(ON02)2, because 
of the large differences between the field strength of the axial and the equatorial Iigands, 
the u1 band 1s split lo19 l14. This is U-I clear contrast to the nrtrito complexes NL(N)~(ONO)~, 
where broadening but not splrtting of this band is observed. Therefore the splitting of this 
band and that of the asymmetric v(N0) m the IR spectrum may be used as a proof for the 
f-nzns structure for nrtrato complexes of the type Ni(N)4(0N0,),. 

As with the nitrite complexes, the steric requirements of the second ligands are decisive 
in determining the configuration of the octahedral complexes1ot of the type Ni(L)a- 
(nitrat&- Small second ligands like water or en favour monodentate coordination of 
the nitrate. The complex [Ni(H20)4(ONOz)2] shows that a cr’s configuration is possible 137, 
though the inter-&and repulsions are minimised by a ZPWIS configuration- 

For compounds of the type N1@)4(nitrate)2, more bulky amine ligands in general 
cause the formation of complex salts containing nitrate as a bidentate chelate ligand, 
viz. 13** 139 ](ONe,)Ni(N)a] NO,, LX. The trans octahedral [Ni(Etaep)2t0N02)2] 
unth monodentate nitrate 140, and the cis octahedral [(ON <$Ni(Etamp)z] NO3 wfh 
chelating nitrate 13g, however, show that the efectronrc properties and the mutual steric 
mteractions of the amine ligands also have an influence on the structure of the whole com- 
plex. In Sect. B(C) the possibility of a weak n-bond between nickel(H) and pyridme hgands 
was discussed. Among the scarcely sterically hmdered isomers of [N~(Etamp)Z(n~trate)2] 9 
LX is stabilised to a hig,ber degree than tie others by this n-bonding, because two out of 
the tiree filled 3rzg orbitals of the cent4 atom may interact with antibonding sr-orbit& 
of the pyridine ligands t3? By considering models we can see that when the Etamp ligands 
in the Isomer LXJ are replaced by the iigand Etaep, i.e. a substitution of two five-mem- 
bered chelate rings by two six-membered ones, steric hindrance between the ethyl groups 

and the bismethylene fragments of the rings is present, A change to the configuratron with 
a IWPZS position of the aliphatic ammo groups therefore takes place. The IR spectrum and 
the ligand field spectrum of NiCEtaep)2(~~02)2](two maxima at 9800 and 15,500 cm-l, 
splitting of the PI-band) show &at the configuration is LXiI, wrth monodentate nitrate 14u. 



Et\ 3 
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NnN = Etamp 
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I, 
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The most bulky amine bgands, like Me@ (ref. 52), Me2aep (ref 140) and N.N,N’.N’- 
tetram~thy~ph~ny~en~d~an~lne L4il, foml only 1, I-complexes with nickel nrtrate. A drs- 
torted octahedral structure is attained when the two m&ate ions act as bidentate chelate 
ligands. 

NitrIte and nrtrate are potentially bidentate Ligands, as shown in Sect. E(u). Whether 
this bidenticity is actuahy realised in a mixed-&and complex, or whether only QN~ coor- 
dmative bond to the central atom IS formed, depends largely on the second ligmd. Very 
similar conditions are observed wtth several nl~ed-~ig~d complexes cont~ning ~otent~~~~ 
tri- and qu~drid~ntate first figands which in contrast to the b~dentate nitrite or n&rate do 
not form strtined four-membered rings, but form the more stable five- or sm-membered 
rings. Sometimes the influence of the second hgands is relatively unspecific, and the actual 
denticity is principally determined by the steric and efectronic properties of the first 
li_mds themselves (cf. Sect. D). in other cases, however, the second ligands have a specific 
influence OR the denticity of the first ligands and on the configuration of the whole com- 



pIex_ Of course, many complexes show intermedrate behaviour. 
Sacconi and Bertlni 142 prepared the ccmpounds (2-MeOBenNMez)NiX2, LXIH (X = 

Cl, Br), (2~~eOBe~E~~~N~~= LXIV (X = Cl, Br, I), and ~2-~e~~~n~~2~~~~2, LXV 
(X = Cl, Br)_ 3rrck-red compfexes of the types LXIII and LZW are five-coordinate, but 

/KH2?n - NR2 n R R5 
CW =N Z- MeOBenNMez- 2 Me OMe 

2 - MeQBenNEt2 2 Et CW& 

R” 2-MeOEtnNMez 3 Me OMe 

BenNMe, 2 Et H 

the purple complexes of the type LXIV are four-~oord~at~ and tetrahedral. In all three 
cases variation of the anion has no mfluence on the structure. This means that the actual 
denticity of tie ligands 2-MeOBenNMez, 2-NeOBenNEtz and 2-MeOBtnNl@=, is deter- 

mined by then sterlc requirements- the steric hindrance engendered by replacing the two 
methyl groups in the side chain of ~-M~~B~nN~~ by ethyl groups will be sufficient to 
lower the denticity from 3 to 2, From the close correspondence between the reflectron 
spectra of (2-MeOBenNEtZ)N8Br2 and (BenNEtz)Ni13ra it may be Inferred that the 
methoxy group of ZMeOBenNEt-, is non-coordinated. Of course, the nrckel-oxygen 
bonds in chelates of the types LX111 rend IXV are relatively weak, On dissolving in organic 
solvents, a temperature-controlled equilibrium between four- and five-coordinate species 
1s therefore established. 

Also, for the complexes (PhzPphNMez)NiXz, [PhP(phNIMe& f NIX,, and [P(phNMe& 
Nix* (X = Ci, Br), no specific influence of the amens on the coordination of the first 
l&and is observed 143 fn the solid state drmeric five-coordtnate species with halrde bridges 

are present <cf. the stnrcture of Ni~2,9-~~~ph~~)~~, =1X). Conse~uenily for 
PhzPphNMez the actual and potential denticities correspond to each other, but for PhP- 

(phNMe+~)2 and P(phNMe3)~ they da not. Tfie reason for this seems to be that electron 
withdrawal, transmitted through the aromatic system, becomes so strong that the donor 
strength of the r~rn~n~~ d~e~yl~~o groups declines below the limit required for a 
coordinative bond. 

These examples show that genertiy an unspecific rnfluence of the second ligands on the 
actual denticity of the first ligands is to be expected, if these first hgands contain weak 
donor groups, e.g. -O- or -N< directly bound to an aromatic residue. These weak do- 
nors, however, need not necessarily have a termmal position m the &and. Thus, in the 
complex WI, the phosphine ligand is bidentate, and the Ni-0 distance of 3-2 A pre- 
cludes a coordinative bond between the central atom and the other groups. 

The complex LXVI is interestmg for a further reason: the ligartd Ph,P(CH&Cl(CH~)~- 
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LXVI 

0(CH&PPh2 has nearly the same chain length as Ph~P(CIi&PPh~. Therefore both 
phospbines, when actmg as bidentate lrgands, should have comparable electronic and steric 
urfluences on the central atom. However, [Ph2P(CH2)8PPh2]N$, LXVII, is pararnag- 
netlc and tetrahedral, whtle the structure of the diamagnetic complex LXVI is mtennedi- 
ate between a square-plane and a tetrahedron. Sacconi and Dapporto344 suggest that the 

different confi&rations of the complexes LEVI and LXVlI arise through different dispo- 

sitions of the chain. These drfferent dispositions are probably due to electrostatic inter- 
action of the oxygen atoms and the metal atom. In fact, of ail the atoms in the chain, the 
oxygen atoms are the nearest to the metal. 

Using the ligand (2-Me)3 tpma Nelson and co-workers 145 investigated the specific in- 
fluence of coordinated anions on the actual denticity of an Nb-donor. This hgand contams 

a methyl group in the position a to each pyr~dine nitrogen atom. Therefore steric hrn- 
drance occurs if this lrgand is tetradentate. Thus 1s to be seen most clearly in a comparison of 
the complexes Ni(tpma)Xa and Ni[(2-Me)3tpma]X2 (X = Cl, Br). The former, because of 
the absence of steric hmdrance by the &methyl groups, have a cis octahedral structure 
~th tetradentate tpma; in the latter the nickel(II) rs only five-coordinate, and one of the 
pyridme groups of (2-Me)3 tpma does not rnteract with the central atom. Nevertheless, in 
spite of steric hindrance the ligand (2-Me)3 tpma may be tetradentate, as follows from the 
structure of the compounds Ni (Z-Me)3tpma](NCS)2, {Ni[(2-Me)3tpma] (E>NO))C104 
(LXWI), {Ni [(2-Me)3 tpma] (6 O>CIO,)} Cl04 (LXIX), {Ni [(2-Me)3 tpma] I )ClO, (LXX) 
and iNl[(aMe), tpma] Cl) Cl04 &XXI). 

The anion NCS- coardmating vra the nitrogen is only weakly polansable 146. More- 
over, as NCS-, because of its linear structure, needs only a small space in the immediate 
vicinity of the central atom, the nickel(H) in Ni[(2-&fe)s tpma](NCS)Z adds the maximum 
number of donor groups, i.e. six. Similar conditions as to the polarisability of anions are 
valid for the compounds LWIII and ZXIX. Because of the overcrowding of the coordina- 
tron sphere by the ligand (2-Mej3tpma, the addition of two more bulky anions such as 
perchlorate or nrtrate is impassible. Therefore, only one of them is bound, formmg a four- 
membezzd chelate ring (cf_ Sect, E(ii)). Evidently with this type of bidentate coordination 
of the nitrate or perchIorate anion, a higher charge than with a normal monodentate type may 
be transferred to the central atom. In this way the Pauling Eiectroneutrality Principle can 



be better met (cf. Sect_ C). 
In the five-coordinate complexes LXX arrd LXXI (2-M& tpma is also tetradentate. 

For LXX replacement of the perchlorate by a second iodide ion has no influence ctn the 
structure and ~~i~2-~~)~t~ma]~~I contains the same catton as LXX. On the other hand 
there is a significant structural difference between LXXI and Ni[(2-Me}3tpma]Clz (see 
above}, evidently because of the low stability of the cation ( Ni[(2-Me)3 tpma]Clj *_ ‘Ihe 
different b~havi~ur of ~~i~(2-~~)~ tpma] I )+ and f ~~~(2-~~)~ tpma] Cl)+ towards excess 
I- and C1- can scarcely be attrxbuted to the different sizes of these tions. The acceptor 
character of the central atom nickel(II), which is intermediate between hard and soft, is 
largefy determined by the properties of the ligarrds 146. In the cations {N~[(~-MG)~ tpma] if) 
and (Ni[(2-Me)3 tpma]Cl)’ the decistve influence is that of the four nitrogen donors and 
therefore the central atom should behave like a hard acceptor. ~~ns~quen~y, the hard 
donor Cl- adds to the cation {Ni [(2-&G3)3 tpma] Cl) c with a simuldaneous breaking of a 
Ni-N bond, but no addition of the soft donor I‘- to {Ni[(2-Me)&ma]I)” mxurs. 

Harness or softiess of the second ligands ~~uen~es more seriously the actuai dentici- 
ty of ‘“hybnd ligands”, i-e- of ligmds containtig both hard and soft donor groups, Sacconi 
and Morassi 147 have synthesised a series of nrckel(I1) complexes of the ligands N,P, NSS 
and N3As Wfh square-planar, square-pyramrdaI and trigonal-bipyramidal structures. 

CH,-CH,-NEt2 N”IGH c~ jet 
- - 

‘C&&ITh,” 

N3P N3S N3As 

The sulphur hgand complexes [Ni(N3S)X] EWh4 usuz?lly have coordirration number 5, so 

&at the potential and actual denticities correspond to one another. Most probably the 
reason for this is not a special donor quality of tie -SMe group towards nickel(II}, but its 
smaU steric re~~~~~ent (cf, Sect, D(i)). 

30th square-planar complexes and five-coordmate complexes are formed by the hgands 
N,P and N3As_ With square-pfzrnar complexes of the composrtion [Ni@N2P’)X] BPh4 *, 

LXXIX148, and jNi(N3z )X]BPh+ tXXf II 1; I, the different coordination tendencies of 
tie dlphenyl~h~sp~n~ and the diphenyl~sr~o groups towards nickel(U) become clearly 
apparent. In both cases the potentially tetradentate ligads are actually tridentate. In the 
compounds of type LXXII the chromophore is NiN,PX, with one of “;&te diethylamino 
groups uncoordinated, whereas in compounds of the type LXXIII, on the other hand, it is 
NiN,X, with the d~phenylar~~no group uncoordinated *. From consideration of the corn- 
plex cations {Ni [(2-Me), tpma] I)’ and ~Ni~(2-~e)3 tpma]Cl)+ it follows that the central 

* A lrne Over the symbul of the donor atom @-As ) means that thus donc~ atam IS not caordmated, 
* The compund [NI(N~As)I]BP~~ (ref. 147) with coordination nutiber 5 is an exception, The reason 

for ths is not clear, 



260 E. UHLIG 

atoms m the square-planar species [Ni(N$& )X]+ are hard acceptors and that they can 
only add hard donors, Therefore the formatron of the s~uar~-pyr~i~~ Ni(N& )(NCS)2 
with a non-coordinated dlphenylarsino group becomes understandable. 

In the cation r~~(~~~~)X~~ the ligand N$’ coordinates via t\liro hard and one soft donor 
atom. In this case tire fourth, i.e the anionrc, ligand has a strong mfluence on the charac- 
ter fzf the central atom. The relatively hard ligands Cl- or Br- cause a c‘harderring” of the 
central atom Therefure, under certain e~n~ti~n~ the un~oord~a~~d diethyI~~ino group of 
fN1(NN2P)Cl]+ or fN@N2P)13rjf, which IS a hard donor, may be added to the central 
atom, mcreasmg the coordinatron number to five Thus, tie tr~g~n~-bipyr~id~ isomers 
of LXXII, i.e. [Nr(N3P)X] BPh, (I-XXIV, X = Cl or Br), may be Isolated 147. In chloroform 
a temperature-controlled equtiibrrum between LXXII and LXXIV IS established 14% On 
the other hand, I- causes the central atom of ~~i(~N~P~I]* tu become a soft acceptor, 
and coordination of the fretr diethylamino group does not occur etther In the solid state 
or in a solution. 

In mixed-hgand com$exes of nrckel(II), thlocyanate ligands partlcufarly favour the 
coordination of hard donors rather that-r soft donors. Thus, the chromophore in N1(N3F)- 
(NCS)~ is MN {NCS)~, as m NifN3E )(NCS)Z, and the d~phe~ylphosph~~o group IS un- 
coordrlnated I48 . Besides the octahedral isomer of N1(Et,PeSEt)#CS)z, a second tram 
pianar isomer IS known with the ligand EtxPeSEt bound only by the phosphorus 150_ In 
the square-planar Nr(Ph2%ep)2(NCS)2, Ph,Asep is monodentate, coordmating vra the 
nitrogen lS l. 

l-‘. CONCLUSIONS 

Recent i~vestl~a~ion of nickel(II) complexes has shown that besrdes the characteristic 
coordination numbers four and six, the coordmation number ftve with a square-pyramidal 
or a tngonal-bipyramldal arrangement of the ligands also occurs. The structure of a gven 
nickel~I1~ complex is pr~a~y deterrnmed by the steric and electrome effects of the 
donor atoms of the ligands, In many cases isomers are known difft?ring in the geometrical 
arr~gem~nt of the ligands (Sect. B), in the degree of associatton (Sect. C), m the kind of 
the lmkage between the ligands and the central atom (Sect. E(n)), or m the” number of 
coordinated amens (Sect. E(i)). Many of these isomers are energetically nearIy equivalent, 
and therefore secondary effects such as the packing of the molecules in the crystal Iattice 
(Sect. B(ii)) or solvation by polar or non-polar solvents determine the occurrence of a 
certain isomer, In other cases, above ah in solution, tern~era~r~-controlled equrhbrra be- 
tween the isomers are estabhshed (Sects. B(i), (iv), Efrir) etc.), or solid interallogons are 
formed (Sect. B(ir)}. Such secondary effects cannot always be attributed 
interactions, but they derrve from the particular structure of the Iigand. 

to urtermolecular 

Classical coordmation chermsts were primarily Interested m the first sphere, the coor- 
dmatlon sphere, and they ovre their successes in no small part to that wtse hmztation. But 
in the present state of knowledge interest must also be taken in the second sphere, i.e. to 
secondary effects mentioned above. Thus is necessary, first, to obtarn deeper msight into 
the phenomenon of “coordination”. Secondly, it must be mentioned once more that for 
metajt complexes, whose actual structure is often decisively determined by srlch secondary 
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effects, isomers are to be expected. The latter differ characteristically m their physical prop- 
erties ~magnetic moment, dipole moment, absorption spectrum etc.), but only a smalf 
quatity of ener~ is needed to bring about tfieir (often reversrble) interconversion. 
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