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(PhaPm).p 2,6 bis(g-diphenylphosphinomethyl) pyridine
PhP{phNMe3z}2 bis{2-dimethylaminophenyl) phenyiphosphine
PhaPphiNMe, 2-dimethylaminophenyl-diphenylphosphine
pmSmp bis[pyndyi(2}methyi]sulphide

BY pyridine

qQuina quinaldine

n-Raem n-atkylamincethylmercaptide

salenAsPhy N-{g-diphenylarsincethyl) salicylaldiminate
salenNMe N-{g-methylaminoethyi}salicylaldiminate
salenNMe~ N-(f-dimethylaminoethyl)salicylaldiminate
salenMNPhg N-(p-diphenylaminoethyl)salicylalduminate
salcnPEt4 N-(FDicthyiphosphinocthyl)salicylaldimtnate
salenPPhy N-{g-dsphenylphosphinoethy!}salicylaldimmate
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salep N-(g-pyridyl(2)-ethyl}sahcylaldumnate

salmp N-{pyridy1(2)-mecthyl]sahcylaidiminate
saltnNMe N-(y-methylaminopropyl)salicylaldiminate
salinNMePh Ne{g-methylphenylamino-ethyl}salicylaldiminate
m-stien meso-stilbenediamine

tpma wss[pyadyl(2y-methyljamine

A INTRODUCTION

Up to the easly nineteen-fifties chernists recognised only the characteristic coordination
numbers six and four for nickel(II). In the first case an octahedral and in the second a
square-planar or tetrahedral structure was recognised. Later Ciampolini et al. 12 charac-
terised five-coordinate nmickel(II} with a trigonal-bapyramidal disposition of the ligands,
and Saccont et al. 3 characterised compounds with a square-pyramidal disposition. Very
recently nickel(IT) chelates with a distorted trigonal-prismatic structure have been de-
scribed®. Also, interesting new aspects resulted from the detection of the phenomena of
“interallogony™5 and “coordination polymerisation™6,

This structural variety, together with the development of ligand field theory as a simple
method of showing relattonships between structure and the spectral, magnetic, and reac-
tive behaviour of coordination compounds, has been the main reason for the active interest
in the coordinatton chemstry of nickel(IT} during the last decade Today the extensive
expermmental resutts make 1t possible to explain the isomerism 7~ of B-keto-enolate com-
plexes of mickel(}l), the structural d:fferences 19 of compounds of the type Ni(en); XY
and the high-spin or low-spin character of five-coordinate nickel(II) chelates 1. In this re-
view some of these results will be summansed without attempting completeness. In partic-
ular the following problems will be treated: stenc and electronic factors influencing the
structures of monomeric complexes of the coordination numbers four and five; the 1m-
portarice of steric and electronic factors in coordination polymerisation; the interaction of
lipands in mixed-ligand complexes, and the mfluence of the internal structures of the li-
gands on the structures of chelate compounds of nickel(II).
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B. STERIC AND ELECTRONIC EFFECTS INFLUENCING THE STRUCTURE OF MONOMERIC
COMPLEXES OF COORDINATION NUMBERS FOUR AND FIVE

(i) Cheiates of salicylaldimines

The structures of nickel(IT) complexes of coordination number four depend mainly on
the strength of the ligand field. A strong field favours a square-planar disposition of the
donor groups, whereas a weak field cannot force a change from the tetrahedral structure*,
which, considering only ligand—tigand repulsions 12, is the most stable. In the sahcylald-
imine chelates [ the ligand field is evidently of such strength that the square-planar and

tetrahedral isomers have nearly the same energy.

Thus, N-alkylsalicylaldimine chelates of mckel(II} in non-coordinating solvents exhibit
a temperature-controlled equilibrium between the diamagnetic square.planar and the para-
magnetic tetrahedral 1somers13. In the case of the complexes with a-branched R the
AF values are all low (Table 1). The tetrahedral isomer 15 favoured by o-branching of R as
observed in the solid complexes (Table 2). This 1s due to the dccrease of the non-bonding
interaction between the a-branched substituent R of the first, and the oxygen atom of the
second ligand (R’ and O”, and R and O’ of compound 1) 1n the tetrahedral isomer com-
pared to the square-planar one 13,14

The structure of complexes I 1n the solid state, however, is not onty determined by the
branching of R. This is shown by the complexes with R = 1-C3H; and Q = H, 3-CH;, and

TABLE 1

Thermodynamic functions for the square planar—tetrahedral equilibraam at 120°C i dibenzyl solution

AF aff as

R G (keal mole™")  (kcalmele™!) (e.wr)
~CH,CH,CH3 H 2.9 44 4
~CH,CH,CH, 5-CHj 2B 4.4 4
~CH-CH;CH3 51 2.7 5.2 &
—CH(CH3), H 052 112 10
~CH(CH3)4 5CH. 020 25 6
~CH(CH3)2 5Ct V.16 20 4

* Untess there are specific reasons for the contrary, structurat distortions will be ignored in this review.
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TABLE 2

Structures of nickel ({1} complexes of substituted salicylaldimines

Q K
H CH3 n-CaH~ -CaHy -CqHg
H p (tef. D) p (refs 20,21)9 p(ref. 17) t (refs. 15, 23) (I) t {ref 18)
5-CHs p (ref. 22) p (ref. 17)  p (rel. 16}
51 plref. i) t (ref 17)
3CH, p (ref 22) p(ef 17} p(refs 16, 24) (Ii1)
3CaHs t (zefs, 16, 25) V)
3t p (ref 17} p (zef, 17) t (vef. 17}

4 O;ithorhombic (&) and monochme (9} forms

3-C,Hg (compounds 11, I and IV of Table 2). Investigation of the syuare-planar
bis(V-isopropyl-3-ethylsalicylaldiminato) palladium(IT), the 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 i1l and
the tetrahedral structure of 1V 29 in this case lattice energy is probably the main factor
determining the structure.

Structural analyses of nickel{II) chelates of substituted salicylaldimines have shown
that in the square-planar allogons the Ni—N and the Ni—O distances are smaller than in the
tetrahedral ones (I123: Ni—N = 1.970 A, Ni—O = 1.896 A; IlI?** Ni—N = 1.920 A,

Ni—O = 1.837 A). On the other hand, in tetrahedral nickel{1I) chelates coordinated sali-
cylaldimine ligands have a greater “bite” (~ 2.84 A) than i square-pianar chelates

{(~ 2.72 A)27, The Ni—Ni distance in the orthorhombic bis(N-methyisalicylaldiminato)-
nickel(11)2! proves that in complexes of this interesting type metal—-metal bonds similar to
that in bis-(dimethylglyoximato) nickel(II) may exist.

(i) Complexes of the rype NifPR3 )X

Complexes28:22 of the type N1(PR4); X, are high-spin or low-spin with a tetrahedral
or a frans square-planar structure. Following a systematic investigation Venanzi and co-
workers12 stated that arylphosphines and bromo or iodo igands favour the high-spin state,
alkylphosphines and chloro or thiocyanato ligands the low-spin state. In the spectrochem-
ical senes the order30 of the pertinent lgands 1s I— < Br~ < Cl~ < PRy < NCS8—;ie.in
accordance with general experience ligands with 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 structures of the complexes of the type Ni(PR3); X,
(Table 3) we must suppose that the alkylphosphines surpass the arylphosphines in their
ligand field strength. Increased m back-donation could be the reason for this. The photo-
alectronic spectrum3! of Ni(Ph,P),Cl, shows that the w-acceptor strength of phosphine
ligands in nickel (1f) complexes has not vanished, but is low 32. Therefore a higher degree
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of o-bonding?3 seems to be the reason for the higher ligand field strength of alkylphosphines
in four-coordinate nickel (1) compiexes. This carrelates with the higher pK, values of alkyl-
phosphines in comparison to arylphosphines3? (pk, values: PhyP, 2.37,(n-C4Hg)1 P, 8.43).

A stepwise substitution of alkyl by aryl groups in phosphines causes a stepwise diminu-
tion of the ligand field strength. While dialkylarylphosphines, like trialkylphaosphines, form
only square-planar complexes wath nickel (1), the tetrahedral and the square-planar allo-
gons of compounds of the type [(alkyl)P(aryl),],NtX, have nearly equal energy. Lattice
energy and solvation encrgy are therciore struceure-determining factors, Thus, in the solid
state compounds V, VI, and VII (Table 3) have a tetrahedral structure, On the other hand,
an equilibrium between the tetrahedral and the square-planar allogons 15 observed 1o ben-
zene solution. As expected, tus eqinlibrium is maost favourable to the square-planar
allogon in the case of the chloro complex V35, Becausé of the higher dipole moment of
the tetrahedral form (g = 6—9 D, square-planar form g = 1—3.5 D), its evident stabilisa-
tion by polar solvents is clear?6. Two isomers of the compounds Ni[(C3Hg)PPh,],Bry
(ref. 35), Ni[(CgH5CH,)PPha] 42X, (ref. 35) (X = Ci, Br, [; Table 3), and
Ni1[RPPh;1,Br; (xef. 36) (R = Et, Pr”?, Pr!, Bu®) are known. The complex Ni[(CgHsCH,)-
PPh;, 1, Br; 15 of special interest. Besides the square-planar, diamagnetic form (IX, Table 3),
a paramagnetic form with an abnormal magnetic moment can be prepared (VIII, Table 3).
According to the structural analysis3? this is an interallogon. in the unit cell one Square-
planar and iwo tetrahedral molecules are present. Evidently this unusual structure permits
the Hghtest packing of the molecules in the crystal.

Thss and other structural analyses#%:4! have confirmed conclusions cencerning the con-~
fipuration of the complexes of the type Ni{PR3),X, drawn from spectral and magnetic
properties. There is, however, a marked distortion in the paramagnetic tetrahedral allogons:
for example!, the angle Br—Ni—Br in N1(PPh;);Br, increases to 126.3°, This widerming
in comparison 1o the normal tetrahedrat angle is attributed to the non-bonding interactions
between the bromo higands. Despite the angle of 126.3°, the Br—Br distance is 4.18 A,
only shightly greater than lwice the van der Waals radius of the bromide ion.

As mn the case of the salicylatdimine chelates of nickel (IF) (Sect. B(1)), square-planar
complexes of the type Ni(PR3);X, have a shorter metal—ligand distance than is observed
with the tetrahedral analogues (VIi13%: square-planar molecule Ni—-Br = 2.305 A, Mi—P =
2.263 A: tetrahedral molecule Ni—Br = 2.359 and 2.351 A, Ni—-P =2.316 and 2.314 A).

(ur) Complexes of the types NifN); X5 and Nif NOWN) X5

Complexes of the types Ni(N);X; and Ni(NNN) X, may have a polymeric octahedral or

a dimeric square-pyramidal structure (Sect. C). Monomeric compounds with four-coordi-
nate nickel(I1) (Tables 4 and 5) have also been characterised. The strucwre of these de-
pends to a high degree on the amine ligands. Complexes contaming tertiacy or secondary
aliphauc mono- or bidentate amines are tetrahiedral. In the case of diethylamine two iso-
meric compounds have been obtained42. Among monomeric complexes of the aromatic
nitrogen heterocycles iodo compounds prevail. In most cases they have a square-planar
structure, while the corresponding chloro complexes have a tetrahedral structure. Conse-
quently the situation here 1s the reverse of that found with complexes of the type
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N:(PR3)2X2 (SBCL B(i-i)).

Lever et al.#3 have discussed the special bond type between nickel(IIy and aromatic
nitrogen heterocycles The latter may act not only as g-donors, but also by using their
antibonding morbitals, as #-acceptors. Nickel(Il) is only a weak n-donor 33, but its donor
strength increases if it is combined with halide lipands with a retatively low electronegat-
inity. Therefore the group Nil, is more capable of # back-donation than the group NiCl,.
It also leads to a larger decrease in inter-electronic repulsion energy and therefore faciitates
spin-pairing. Owing 1o this back-donation, especially in the complexes Ni(N )2 15, 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 tetrahedral nickei(Il) complexes 7 back-
donation is weaker than in octahedral or square-planar ones6,

The degree of m back-donation, which is an electronic effect, cannot be the only reason
for the formation of square-planar molecules of the type Ni(N),X3. This is shown most
clearly by comparing the compounds IX and X (Table 4). The donor strengths of 2-Mepy
and 4Mepy are only slightly different (pK, (25°C)*7: 2-Mepy = 5.94, 4-Mepy = 6.03).

A difference in the m-acceptor strength cannot be excluded 05, but it should be low. In
spite of these minimal differences in the electronic properties of the two picolines, com-
pound IX has a square-planar structure and X a tetrahedral structure. Evidently the reason
for this is a steric effect?8. In tetrahedral complexes of the type Ni(Nz_pr)zxz there is
an mieracthion between the substituents R chiefly where the space in the coordination
sphere of the central atom available for the ligands Ny g, is reduced by two bulky iodo
ligands. By contrast, even with 2,6-Me,py as a ligand little stenc hindrance is expected if
the complexes Ni(N; g.pny )3 X, have a square-planar structure and if the nitrogen ligands
are arranged perpendicularly to the plane of nickel(lI) and the four donor atoms.

The fine structurat balance exhibited by the compounds Ni(N,,,, ), X, is demonstrated
by the complexes XI—XIII, XIV—-XVI, XVII and XVIIIL. The ligands 2-methylbenzemd-
azole (2-Meb1a), 3-methylisoguinoline (3-Me1q), and 2-methylbenzothiazote (2-Mebta) have
a methyl group in the posjtion « to the nitrogen donor atom. This methyl group, both in
the tetrahedral and square-planar complexes of the five-membered heterocycles
Ni1(2-Mebia), X and N1(2-Mebta), X, 1s more distant4? from the central atom than in
complexes of the six-membered heterocycle 3-Meiq. Therefore, while 3-Meiq is completely
analogous to 2-picoline (Table 4), steric hindrance in complexes of 2-Mebia and 2-Mepta
is low even in a tetrahedral structure. Since the w-acceptor strength of 2-Mebia should not
differ much from pyridine, these two nitrogen ligands should be comparable with regard
to therr coordination tendency. The tetrahedral configuration of complexes XI—XI11I is
therefore not surprising * 3.Mebta, however, is a weak g-donor (pK, = 2.53) and a good

* The complexes MNi1{py)2Cly 2nd Ni(py); Br; are octahedral polymers (Sect. C) and in this way difler
from XI and X1{, but the complexes Ni(3-Mepy)2Cly and Na(3-Mepy)}; Br;, which have the same
structure as Ni{py)zCl; and Ni{py);Br; in the solid state, dissociate into retrahedral monomers on
dissolulon m polar solvents. This shows that the octahedral polymer and the tetrahedral monomer
of the complaves NuN,,1,)}2 X2 differ only slightly with regard 1o their energy, and that substitutian
at Nynh. though rather distant from the coordination centre, favours the tetrahedral tsomer
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macceptor??. Coordination only occurs with the fragments “NiBr, " and *“Nil;” which
have a certain capacity for m back-donation and therefore those complexes which are
formed have a square-planar structure (XVII and XVIII). N:(2-Mebia),Cl; could not be
prepared?,

Some complexes of the type Ni(N)9 X4 form tetrahedral and square-planar allogons
having nearly equal enermes, behaviour similar to that previously discussed in Sects. B(i),
(ii). Lattice or solvation effects can therefore cause one isomer to change into the other.
Thus, the square-planar complex Ni(2-Mepy),[; dissolves without structural change n
cold benzene or catbon tetrachloride 48, but in the more polar dichloromethane the tetra-
hedral allogon 1s formed#?. Lattice effects may also be the reason for the complexes
XIX—XXIT having a tetrahedral structure, whilst XXIIT and XXIV have a square-planar
strucrure.

The bidentate hybrid hgands Meaep, Me, aep, Et,aep, Etzamp, and Ph,Pep contain two
types of donor groups. pure g-donors (~NR;) and ¢-donors which are additionally weak
m-acceptors (~PPh,) or intermediate n-acceptors (pyridine groups) Table 5 shows that
the monomer chelates of the M-substituted f-ammnoethylpyndines(2)} and aminomethyl-
pyndies(2) are comparable to the corresponding compounds of the M-subsiituted ali-
phatic diamines with regard to their structure, t.e. the pyridine donor group functions as a
nomal amine ligand. The same is true {or the pyridine donor group in the chelates of the
ligand Ph,Pep

{1v) Frve-coordinate complexes

A coordination number of five is rather unusual in nickel(11) complexes and connected
with certain steric requarements In nickel{IT) chelates the central atom can be surrounded
by five bulky donor groups in such a way that a sixth donor gronp cannot approach near
enough for bond formation to be possible. For instance, in38 N1[(2-Me),dpma)Br, the
two 2-methylpyndine groups have such a blocking function. However, coordination number
5 is not confined to chelate compounds of nickel(I1), as shown by the anion [Ni{CN)}3~.
This, which is present in aqueous solutions containing excess cyanide, is one of the weakest
complex species whose existence is unsquivocally established. According to the general

TABLE 5

Structure and magretw properties of monomer compounds of the types Ni(NNN) X3 and Ni{NNP} X,

Structure  pegy Structure  Maff
{BM) (B M)

Ni(Megen)Bry (ref 52) t 13 Ni{Mesaep)Br; (ref. §55) t 343
Ni(Mogen}l,  {ref, 52) 1 324 Ni(Etsaep)Cly  (ref, 55) t .47
MNi{Meatn)}Cly  {ref. 52) 1t 3.37 Mi{Etzaep)Bro (tei.54) ¢ 335
Ni{Megtn;Bry  (zef 52) ¢ 332 Ni(Etzaep}i; (ref 54) t 3.51
Ni(Meqtn}iy (ref 52) t 332 Nt{Ei;amp}Bry (ref. 56) t 336
Ni{Mestn}Bry fref 53) 1 3.25 Ni{Etaamp)ls» (ref. 56} t 3.39
Ni{Mc3ztn}l;  (ref. 53} 1 3,35 NI{PhyPep)Cly (ref, 87) 3.29
Ni{Meaep)l, {ref. 84) 339 Ni(Ph,Pep)Bry (ref. 57} t 333
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rule3? that metal complex ions which are difficult to isolate can often be isolated as saits
of large ions (having an equal but oppaosite charge), salts of this anion could be prepared
only with {Cr(‘NH3)5]3+ and similar eounterions. Evidently lattice effects stabilise
[Ni(CN)]3— in these salts, and these are, as 1n the case of nickel(If) chelates of coordina-
tion number 5, factors which are not connected wath the direct interaction between the

central atom and the ligand.

The two most symmetric arrangements of five higands are the square pyramid and the
trigonal bipyramid. Considenng only the ligand—ligand repulsions the latter is the most
favourable coordination polyhedron. A distorted square-pyramidal structure is only slight-
ly less stable if the central atom is placed above the basal plane and the angle between the
metal—ligand bonds and the basal plane, the “internal pyramd angle”, amounts5? to 10°.

Crystal field stabilisation energy favours the square-pyramidal arrangement (internal
pyramid anpgle = 0%). But the stabilisation compared to the trigonal-bipyramid arrangement
is low&1 (3.74 Dg for the high-spin; 4.12 Dg for the low-spin form). Thus steric require-
ments and lattice energies rather than electrostatic interactions are deciswve for the con-
figuration of nickel(I1I) complexes of the coordination number 5. The best proof for this
statement 1s given by the two salts [Cr(pn); ] [N1(CN)s](ref. 62) and [Cr(en)s] [N1{CN)s ]-
1.5 H,0 (ref. 63). The anion of the first 15 square-pyramidal. The second compound sur-
prisingly proved to be an interallogon composed of square-pyramidal and distorted trigonal-
bipyrarmdal [Ni(CN); ]3>~ mn the ratto 1 1. Anhydrous [Cr(en)3} [Ni(CN)s] contains only
the square-planar anion %2,

In the square-pyramidal [Ni(CN)S]?'* the central atom is piaced 0.34 A above the basal
plane. The distances Ni—Cy gy are 1.862 A, much smaller than the distance Ni—C,picq
(2.168 A). In the trigonal-bipyramidal [Ni(CN)5]3— the distances are. Ni—-C,, = [.837 A
{average value), l\li-»-('.‘\e_.q = 1,992, 1.907 and 1.913 A.

Square-pyramidal or trigonal-bipyrarmdal nickel (f[) complexes may be of the high-spin
or the low-spin type, depending upon whether the encrgy separatton between the two
highest d-orbitals (Dy,,. a; > €', Cy ¢ by > 2,) 1s smaller or greater than the spin pairing
encrgy. Sacconi and co-workers ! have prepared and compared a great many nickel(Il) che-
lates with the donor sets D3 X, and Dy X. The ligands, e.g. XXV, XXVI and XXV1I, were

Dz Ligands
(CH
CH=—=M EPhy /(CHE " __Eapnz
z‘\
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chosen in such a way that their coordination compounds ought to have nearly the same
geometry. Sacconi stated a unique relationship between the donor set and the spin state.
The nrephelauxetic parameter § rather than the specirochemical A parameter of the donor
atom is the decisive factor. In thug way 1t is demonstrated that covalent bonding between
the central atom and the ligands and the reductton of the interelectronic repulsion s
decisive for the appearance of low-spin states of five-coordinate nickel(Il) complexes.

In the nephelauxetic series® the lipands are arranged approximately in order of de-
creasing polarisability and increasing electronegativity. Moreover, as the polarisability
largely decides the nucleophilic reactivity of a ligand, we can understand the connection
between the spin stase of five-coordinate nickel (1) chelates and the sum of the electro-
negativities £, and the nucleophilic reactivity constants Zn? of the donor groups63,
Sacconill farmulated the following relation, which is also valid (with somewhat different
numensical values) for cobalt(I[) complexes.

Donor set D3 X, Donor set Dy X

=x Enl Ex £n0

VvV highspin A V high-spin A

12.76 355 13.2 23.3-26
V  low-pin A V low-spin A

Ex Znl Tx =n0

Chelates whose donor set yields Ty and Zn0 values near the cross-over points given in this
relationship are most interesting. In the D3 X, case this accurs for the donor set PNPC,
(Sx = 12.85, £n® = 26.76). Here the hugh-spin and low-spin states should differ only
slightly in energy and the transition from one state io the other should be attainable by a
change of temperature. This has baen confirmed by Nelson and co-workers®6:67 during
their investigations of complexes of the ligands (PhyPm);p and (Ph,yPe),p. At 294.2°K

= e
\ I =
che N7 Tom. cHz N7 oHe
e o
PIF"‘: ’LF'ha
(PR B0 (FhgPel,p

[(Ph,Pe);p] NiCl, has a normal magnetic moment (i = 3.16 B.M.), but at 99.3°K a value
of only 1.32 B.M. was found. As the X-ray powder diagram of this complex does not
chanpe with temperature the abnormal magnetic behaviour must be attributed to a tem-
perafure-controlled equilibrium between a singlet and a triplet state. The complex
[(Ph, Pm), p]Ni(NCS), behaves very similarly.

Quantitarive 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 in 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 [(Ph,Pe),p]NiCl, has a trigonal-
bipyramidal configuration; [(Ph,Pm),p]NiCl,; with the same donor set has a squate-
pyramidal configuration. [(PhyPm),p]NiCly has a temperature-independent paramagne-
tism (Liegr = 0.91 B.M. at 293°K) like many low-spin nickel(II) complexes, and thus it
differs characteristically from [{Ph;Pe),p] NiCl,. This demonstrates very clearly the in-
fluence of the inner structure of the ligands ((Ph,Pe), p forms the two six-membered che-
late rings, (Ph,Pm),p two five-mnembered ones) on the configuration and properties of
five-coordinate mckel(1l} complexes.

C. THE INFLUENCE OF STERIC AND ELECTRONIC FACTORS ON COORDINATION POLY-
MERISATIONM

Among the nickel(Il) chelates of N-substituted salicylaldimines, as well as among the
complexes of the types Ni(N),X, and Ni(NNN)X,, four-coordinate monomers as well as
coordination polymers are known. The same is true for the f-keto-enolates of mckeli (If),
which differ from the above-mentioned compounds in that square-planar not tetrahedral
monomers are observed.

Ni(py),Cl, is the coordination polymer XXVIil with bridging chloro ligands, and six-

coordinate central atoms®8, Numerous other compounds, usually coloured yellow to
brown, of the types Ni{N}, X5 and Ns(NMN)Y X, which according to their ligand field spectra
cannot be four-coordinate, have structures?3.30,69,70 analapous to Ni(py),Cl,. Preston

and Kennard 7! have recently shown that the yellow S-1somer of N1{2.9-Me4 phen)Cl; -
CHCl3, XX1X, has a dimeric structure with a distorted square-pyramidal arrangement of the
ligands. The reflection spectrum of this compound 7! differs slightly from that72 of
Ni(py)>Cl,. Therefore we must conclude that sttuctural characterization of related com-
pounds of the types Ni(N)3 Xy and Ni(NNN)X, made on the basts of incomplete ligand
field spectra is tenuous. The literature must be regarded with caution. We thunk that di-
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meric structures analogous to that of Ni(2,%3-Me,phen}Cl, are more common than has
been supposed until now. For instance, the dissolution of N1i(Megen)Cl, (ref. 52),
Ni{Me;tn)Cl, {ref. 53) and Ni{Me,amp)}Br, (ref 73)1n polar, weakly solvating liquids
such as o-dichlorobenzene or acetone without structural change indicates an oligomenc
and not a haghly polymeric structure.

No structure analyses of polymeric nickel(11) chelates of M-substituted salicytaldimines 7
have yet been performed. Molecular weight determinations 7576 have shown that the de-
gree of association is not much higher than 2. Associated and paramagnetic A-arylsalicyl-
aldimine complexes of mckel(II) absorb 76 at 7500, 10,000, 12,800 and 16,800 cm—1.
This correlates well with the spectrum of the compound XXX, which has a distorted
square-pyramidal structure 78, one of the ligands being tridentate, the other bidentate,
Therefore the associaied M-arylsalicylaldimine chelates of nickel(TF} 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 oxypen bridges.

Oxygen bridges also exist in the bis-f-keto-enolate complexes of nickel(11). In the sol-
vent-free campounds XXXI coordination number § is reached by trimensation 77, though

dimere compounds such as [Ni(acac);py]4 having an octahedral structure are known 80,
Cy\e
Et2N/ CHy
/N=CH o]
E +
HEC—‘Nt_?['N ‘:‘.’7“:0@/ a 0/_‘\0
VA S L)
He _Hq-N.‘-.'_---- - L -, L s L
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Nyholm and co-workers31:82 have shown that the Pauling Electroneutrality Prnnciple
provides a reasonable explanation for the dependence of coordination number in complex-
es of transition metal jons Me2* upon the nature of the ligands. With easily polarisable
(for instance PRy and I™) or strongly basic (NH,. Et;NH) ligands a large transfer of
charge to the central atom is possible, and a relatively small number of ligands is needed to
bring about “electroneutrality”. Therefore, in spite of the high ligand field stabiisation
energy for octahedral nickel(11), four-coordinate complexes of the type Ni(PR3),X,
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(Table 3) are quite stable; while five-coordinate compounds of the type Ni(FR3); x92 are
only known with PMey as a ligand 83. Furthermore, although there are complexes48.50 of
composition Ni(N)4I; with coordination number exceeding 4, many four-coordinate,
monomeric compounds Nt(N),1, and Ni(NNN}I, (Tables 4 and 5) are also known, Evident-
ly in monomeric complexes of the type Ni(N); X4 (X = halide anion of tower polarnsability)
the four simple ligands do not bring about “‘electroneutrality”. Further species of type
Ni(N)3X, are added, acting as donor groups via the free electron pairs of their hahde li-
gands. Therefore compounds Ni{N),Cl, and Ni{NNN)Cl, are frequently coordination poly-
mers such as XXVIII or XX1X50.52,53,73

The N-aryl] derivatives are the weakest donors among the substituted salicylaldiminate
anions, while among the fketo-enolate anions the trifluoromethyl compounds are weakest.
This is in complete agreement with the ideas of Nyholm and co-workers81:82 that the
tendency for association is hughest 7484 precisely in the nickel(I) complexes of these
ligands.

Coordination polymerisation is also influenced by steric fFactors, and, when the energy
thfferences between the monomeric and associated forms are smali, by lattice and solva-
tion effects. This 1s demonstrated by the following examples. Substituents 1in the 2- and
6-positions prevent association of the complexes Ni{2-Mepy); X5, N1(2, 5-Me,py); X, ete.
(Table 4). The complexes52 Ni{Me,amp)Br, and Ni(Megen)Cl, have five-membered
rmgs and are associated in the sohd state and in solution, while the compounds
Ni(Me,aep)Br, (ref. 55) and Ni(Me,4 tn)Cl, (ref. 52), which have the more bulky six-
membered chelate nngs, are monomeric. Substitution of the EtNH group by the bigger
Et,N group causes the associated complex Ni(Etaep)Cl, to change 73 to the monomeric
N1(Et,aep)€ly. Bis(N-o-tolylsalicylaldiminato) nickel(Il) is monomeric and square-
planar 85 but bis(N-m-tolylsalicylaldtminato)nickel(1I) is associated (g = 3.34 B.M )86,

It 1s thought that steric factors’, primarily, determine the monomeric square-planar
structure of bis(dipivaloylmethanato)nickel(11)87 as opposed to the tnmeric structure 79
of bis(acetylacetonato)nickel{EI) There 15 a relation between the pK, values of the 1,3-
diketones, measured in 75% dioxan, and the stnuciure of the corresponding nickel (I} com-
plexes83. g Keto-enolate anions of comparatively low bastcity (low pK, values of the
carresponding 1, 3-diketones), form trumeric, six-coordinate complexes, F-keto-enolate
anions of high basicity (hugh pK, values of the corresponding 1,3-diketones) form mono-
mert¢, four-coordinate compounds. The nickel (I1) chelates of 1,3-diketones of medium
acid strength (13 3 < pK, < 14.2) exist as monomeric and trimeric 1somers. Graddon 84
therefore concluded that *“electronic’ rather than sterre effects determine the structure of
Bketo-enolates of nickel(I1I). Certainly this applies to compounds with terminal CFy
groups, But for the fluorine-free g-diketones it must be taken into account that the pk,
values depend not only on the inductive effect of the terminal groups (aryl or alkyl
groups), but also to a high degree on the m-electron delocalisation within the f-keto-
enolate anions. All these factors tend to hinder the formation of the planar conformers
of these amons and 1in thus way the n-electron delocalisation will bring about a decrease of
the pk, values For instance, for steric reasons an annelated six- or seven-membered hy-
droaromatic ring renders the formation of the planar conformers of the f-keto-enolate
antons more difficult than does an annelated flve-membered ring. Only on this basis, not
on that of the inductive effect, may the great difference between the pK, values of



242 E. UHLIG

2-acetylcyclopentanone, 2-acetylcycichexanone and 2-acetylcycloheptanone (11.6; 14.1;
14.1) be understood But the steric factors hindering the formation of the planar con-
formers of the Bketo-enolate anion, also hinder® the trimerisation of the §-keto-enolates
of nickel (1). Thus there is no contradhction between Graddon’s experimental results and
the earlier statement on the dominating influence of steric factors on the structure of
fluonne-free fketo-enolates of mckel (11).

D. POTENTIAL AND ACTUAL DENTICITY AND GECMETRICAL ARRANGEMENT OF POLY.
DENTATE LIGANDS IN NICKEL (I1) CHELATES

In Sects. B and C the steric and electronic influences of mono- and bidentate ligands
on the configuration of nickel{IT) complenes have been examined. This was always based
on the premise that bidentate iigands coordinate with both donor groups, i.e. that their
potential denticity corresponds to their acrual denticity. In considering coordination
compounds of tri- and tetradentate ligands the validity of this premise is questionable

As shown in Sect. E, in mixed-ligand complexes the “second™ ligands influence the
actval denticity of polydentate “first” ligands to a high degree. Here the less complicated
case of complexes containing only one kind of figand will be treated. We shall see that not
only the naturc of the donor atoms but also “inner-ligand” factors ™ are important in
establistung the actuai denticity. These factors also influence the geometncal arrangement
of the ligands in coordination compounds. They are, for instance, the deciding factor
which determines whether a meridionral or a facial configuration is found for octzhedral
i, 2-complexes of tridentate ligands.

{i} Poternnal and actual denvicity of polydentate hgands

g Aminomethylmercaptide and its V-substituent products form diamagnetic 1,2-com-
plexes88 wath nickel (1) whose configuration 1s decisively influenced by the type of the
substituents. The green complexes Ni(aem), and Ni(n-Raem), are monomeric and have
trans square-planar structures. Increasing the chain tength of the alkyl substituents causes
no essential changes in their properties, i e increasing the steric requirements without in-
creasing the buik in the immediate vicinity of the coordinated nitrogen atom does not
alter the manner of chefation, The maroon compound Ni(Me,aem); also has a planar
rrans structure, but the bathochromic shift of the hgand field band in the visible region
(~ 15,700 em~* for Ni{»-Raem),, 13,900 cm~} for Ni(Me,aem),) points to additional
steric requirements of the coordinated tertiary amino group. Finally, the brown complex-
es Ni(Etpaem), and Ni(z-Buaem), have polymeric, square-planar structures XXX with
mercaplide bridges. Evidently there is no space in the immediate vicinity of the central
atom for coordination of two very bulky r-butylamino or diethylamino groups, and these
steric requirements are met by the formation of a polymeric mercaptide XXXIIIL. That

* The size of the chelate nngs, the type of substitution at the donor atoms, and the rigidity of the
ligands may be considered as *‘tnner-ligand™ factors.
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Etjaem can be a bidentate ligand 1s demonstrated by the compound {Ni(Etyaem)Ci],
{(XXXIV). Only one diethylamino group is coordinated to one central atom 1n this case,
and therefore any overcrowding 1s avoided.

Interesting insights into the relation between the potential and the actual denticity of
polydentate ligands are given by complexes of salicylaldimines which are substituted in the
side chain, XXXV. As shown in Sect. B(i), salicylaldimine and 1ts derivatives with s-alkyl

¢ e
CHaz¥y —E {ar —ER}
CH N " TR
o
Q XXXY { abbreviatian G~N-~ERR"}

substituents at the nitrogen atom may be considered as strong ligands, causing the forma-
tion of square-planar nickel(II) chelates of the low-spin type. These complexes prove io be
coordinatively unsaturated by their reaction with strong monodentate donors hke pyridine,
forming paramagnetic rrans octahedral bis-adducts 8% In nickel(II) chelates of salicylald-
imines of the type XXXV, disregarding for the moment the groups —~ERR' (or —ER), the
same environment is present as with nickel(II) complexes of N-(#-alkyl}substituted sali-
cylaldiumines. Therefore the central atom is coordinatively unsaturated, and depending on
the donor strength of the group —ERR’ (or —ER) the gap in the coordination sphere may
be filled or unfilled. The ociahedral configuration and the tridenticity of the ligands in the
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complexes Ni(salenNMz), (ref. 90}, Ni(salenNMe, ), (ref. 77), Ni(saltnNMe), (ref. 91),
Ni(salmp), {ref. 92), Nu(salep), (ref. 93} and Ni(salenPEt,), (ref 94), as well as the
square-planar configuration and the bidenticity of the ligands 1n the complexes
Ni{salenNPh,), {ref, 90), Ni{saltnNMePh), (ref. 31), Na(salenPPh4), (ref. 35} and
Ni(salenAsPh; ), (ref. 95) may be explamed on this basis.

In certain cases steric requiremenis become the decisive factors affecting the configura-
{ion. In ligands of the type XXXV the imine nitrogen 1s sp2-hybridised. Therefore in all
complexes with ligands of the salen type (7 = 2, formation of a [ive-membered chelate
ring by the side chamn} the donor atom E is constrained to lie in approximately the same
plane as the donor atoms N and O~ and the central atom On account of this, octahedral
chelates of thhese ligands must have a meridtonal c1s configuration XXXV, and n fact

RR"E\

Saccont et al. %0 found the cxpected high dipole moment of 8.78 D for Ni(salenNMe)
Because of the additional methylene group in the side chain, saltn ligands are more flexible,
The corresponding nicks1{1I} chelates can therefore have the facial configuranon XXXVl
with a frans arrangement of the ERR’ donors The latter has been proved by structure
analys1s?¢ and the [ow dipole moment®} (< 1 D) of Ni(saltnNMe,),.

For 15 octahedral complexes of the type XXXVI, considerable steric repulsion be-
tween the donor groups ~ERR’ or —ER s no doubt to be expected and therefore whether
they coordinate or not will depend on their donor strength and also on their bulk. Evident-
ly their bulk prevents the coordination of two PPh, groups bound :n the side chains. For
this reason Ni(salenPPhy ) 1s four-coordinate with a square-planar environment . On the
other hand, m Ni(salenSMe), the small methy! substituent has only a weak influence %7
and therefore 1n this case even the relatively weak donor —SMe can complete the coordi-
nation sphere. The result 15 an octahedral structure

Ligands of the types Ryaem, salenER4 and saltnER, coordinate in 1,2-complexes with
nickel{1E) according to whether the number of potential donor groups and the characteris-
1ic coordination numbers of the metal (4 or 6) correspond with one another. With 1,2-
complexes of patentisily tetradentiate hgands, however, the number of potential donor
atoms exceeds stx, the hughest charactenstic coordination number of nickel{(iI) * There-
fore, non-coordinated donor groups must be taken into account, and the following inter-

* Coordination nurabers higher than & are known Tor bivalent cations of the heavier 3 elements 7%,
but ey are an excepiion
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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-complexes? In the case of [Ni(himda-2H), 1%~ the question was
resolved by NMR spectroscopy in the following way?7. In aqueous solutions of paramag-
netic nickel{(II) chelates contact shifts for the protons bound to the carbon atoms are ob-
servad which are strongly influenced by the nearby atoms and by the conformation of the
chelate rings. {Ni(himda-2H),]?~ gives the sama band pattern as the i,2~complex of the
anion of NM-¢thyliminediacetic acid. As the latter amon is only tridentate both the hgands

n [Nl(himda—?l-l)z]z'” must be equivalent and tridentate. 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 > —C00 = > —CH, 0H)

{11) Facual and menidionat strucrures of nwckel(If) chelates with rridentare ligands

The arrangement of two tridentate hgands in octahedral nickel (II) complexes can only
be determined exactly by a structure analysis. Meridional environments have been proved
for the cations of the salts [N1(dpt),](Cl0,)5, XXXVHL, and [Ni(den), [Cl; H,0,
XXXIX 100 The Ni1—N distances in these compounds are of mnterest. In the case of the

pnmary amino groups they are nearly equal (2.14 and 2 16 A), but a notable difference
exists for the secondary amino groups Here, the Ni—N distances in the dpt complex, which
contains two six-membered chelate nngs, are much greater (2.22 as against 2.05 &). This
points to a weaker bond between nickel(fI} and dpt compared to nickel(Il) and den.

In [Ni(dpt),]2* relatwely short non-bonding H. H distances are observed (2 15—-2.20
A) between the primary amino groups of the first and the methylene groups of the second
higand. Using a madet 1t 1s possible to show that by twisting the chelate ring and so rc-
ducing Ni—N distances and ring strains, these H ..H distances would become even shorter.
For [Ni(den),]2* no steric hindrance of this type can be observed.

With complexes of tridentate ligands having different denor atoms impoertant indications
as to the configuration may be obtained by simple measurements. The big differences be-
tween the dipole moments of the mendional complexes Ni{salenNMe, ), and the facial
complexes Ni(saltnNMe, )4 have aiready been mentioned in Sect. D(i). The spectra of the
two complexes also differ markedly in the region where the v; band appears for strictly
actahedral nickel(II) complexes For the cis octahedral Ni(salenNMe,),, one broad, asym-
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metric maxmmum {~ 10,50C cm~1) s found, but for Ni(salenNMe,), four maxima
(7500, 9000, 11,900 and 13,300 ¢cm™ 1y are observed. These differences in the band pat-
terns are characteristic of cis and frans octahedral nickel (1) complexes with the same
donorset 1, Lf-_g. Therefore they may be used to make deductions concerning the structure
of such compounds

The shaft of the IR frequency vg, of the pyndine ring 102,103 ip the complexes
[Ni(pmSmp);](Cl04 )y, XL, and [Ni{peSmp);](Cl04);, XLY, shows that all pyridine n1-
irogen atoms are coordinated '* (vg,: pmSmp and peSmp 1600 cm~!, XL and XLI
1610 cm—1). The magnetic moments (XL 3.16 B.M., XL 2.92 B.M.) and the type of Ii-

(€10, 1, oy,

XL XL}
MRS = omamp WS N = peSmp

gand field spectra (tnaxima at 11,500, 15,500 and 19,000 cm~! for XL, and 11,500 and
18,200 cm—! for XL1) point to an octahedral structure, XL having a trans and XL1 a ess
arrangement of the sulphur atoms. pmSmp contains two —N=('3-(.2-— fragments which must
be planar because of the sp? hybndisation at the nutrogen and carbon atoms of the ring.
Because af this, the whole ligand, like 5alenNMe,, attains a certain nigidity, which very
probably forces a mendional arrangement in XL and a srans position for the sulphur atoms.
The higand peSmp, containing an additional methylene group, like saltnNMe,, 15 more
flexible, and therefore a facial configuration of the cation [Ni(peSmp))2* should become
possible Evidently the eis configuration XLI is energetically favoured because of better
possibiities {or 7 back-donation between the central atom and the ligands.

E THE MUTUAL INFLUENCE OF LIGANDS IN MIXEP-LIGAND COMPLEXES

In Sect. C it was shown that with complexes of the types Ni(N), Xy and Ni{NNN) X, the
tendency towards coordination polymerisation via halide bridges is influenced to a large
extent by the steric and electronic requirements of the ligands N or NNN. Such an influence
of the second ligands * on the denticity of the first ligands is a general phenomenon (the

* “PFirst ligands™ are understood to be those whose function with respect to the central atom 15 changed
by a vanation of the “second Ligands™. Substitution at the donoer atom altering the electromic and
steric properties within cerrain linirs (for instance the change from a pyrwdine to a benzimudazole com-
plex, but not to a nitrite compley) are charactensed as variation of the second ligands.
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First ligands X are monodentate 1n the monomeric complexes Ni(N),X; and N1(NNN) X5,
but bidentate in coordination polymers of the same composition). Further examples may
be mentionad:

(a) The first ligands act as monodentate or “zerodentate™, i.e. they do not enter the
inner sphere of the central atom (cf. the complexes of the type Ni(N), Y3, Sect. E(i)).

(5) The first ligands act as monodentate or as bidentate chelate lgands (cf. the nitrite
and nitrate complexes, part E(ii)). )

+ But the sacond ligands can also bring about a vanation of the steric arrangement of the
first ligands (cf. the complexes Ni(en), XY, Sect. E(x)) or of the kind of linkage between
the first lipands and the central atom (cf. the nitrite complexes, Sect. E(in)).

(i} The soucture of complexes of the types NifN )4 Y, and Nef NTW ), Y 5

Complexes of the type Ni(Rpy)4(ClO,4)4 can be synthesised either by thermal degra-
dation of the aquo complex [Ni(Rpy)s(H,0);,(Cl04); or by reaction of [Ni(H;0)4]-
(Cl04), with the substituted pynidine Rpy mn organic solvents. In the latter case the water
may be removed by reaction with 2, 2-dimethoxypropane 145 A blue paramagnetic and a
yellow diamagnetic type may be distinguished (Table 6). From the visible spectra (split-
ting of the »; band, cf. Sect. D(11)) and the structure analysis %7 of N1(3,5-Me, py),-
(Cl04), it follows that the blue compounds have a trans octahedral structure with mono-
dentate perchlorate ligands (distance Ni—OC10O3 = 2.187 A). The four 3, 5-Me, py ligands
form the blades of a four-bladed propeller. The angle between the average plane of each
of the organic groups and the plane perpendicuiar to the twofold axis through the per-
chlorate grosps and the central atom is 46.6°.

[Ni(3,4-Me;py)41(CI0,4 )5, on the other hand, 1s square-pianar '8, the distance be-
tween the central atom and the nearest oxygen atom of each perchlorate 1on amounting
to 3.343 A. Therefore we cannot speak of a coordinative bond between nickel and perchlo-
rate. The planes 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 Ni—N

TABLE 6

Colours and magnetic behaviour of compounds of the type NMi(Rpy)a(ClOa},

Meff
Colour (B.MY
Ni{py)4(C104)2 (ref. 105} Blue 36
Ni{3-Brpy}4(Cl04)2 (ref 105) Light blue 3.1
Ni(3-Mepy)g{ClD4)2 ¢ref. 105) Blue s
{N1(3-Mepy)s 1(ClO4)2 Cref 105) Bright yellow 1.0
N1(3,5-Meapy)s(ClO4 )2 (ref. 1053 Bluc 3.2
Ni{4-Etpy)4{Cl0 4}, (ref. 105} Light blue 34
[Ni(4-Mepy)4 1 (C104)2 (ref. 105) Yeliow Diamagnetic
M (4-NEHzpyI4 (C103)2 (r=f. 105) Yellow Diamagnetic

I[Ni(3,4-Me2py)q | (Cl104)2 (rel. 106) Yellow Dhamagnetic




248 L UGHLIG

distances in [Ni(3,4-Me;py)31(C10,); compared to those n Ni(3, 5-Me, py)4(Cl04);
(1.897 and 2.093 A).

The squate-planar and octahedral species of the compounds of type Ni(Rpy),(Cl104),
differ only slightly with regard to their energy; therefore a change from one to the other
is easily possible. Thus the blue Ni{3,5-Me,py)s(Ci0,4 ), dissolves i dichloromethane,
splitting off the perchiorate ligands!?® and forming the square-planar species [Ni(3, 5-
Me,py)4]2*; by the addition of CHCly, probably through formation of a weak hydrogen
bond, the yellow [Ni(py)41(C10,4),.CHCI; is obtained 109 fram the blue Ni{py)4(C10,),.
and blue and vellow isomers of N1(3-Mepy),(C1Q4), are known (Table 6), and may be
interconverted by heating to different temperatures 195

The reasons why the square-planar form is favoured 1n one case and the octahedral form
in the other (Table 6} are largely unknown. Steric hindrance, for instance, 13 by no means
an explanation of the structural differences between Ni1(3, 5-Me4py);(C104}4 and Ni1(3,4-
Me,py)4 1(C104); 10 the sohd state. The observation that methyl and amine substituents
in the 4-position of pyridine favour the square-planar species {Table 6} 1s noteworthy. Proba-
bly the weak +M effect with its influence on the electron density at the mtrogen atom
and, by this, on the m-interaction between nickel(il) and the pyridine ligand (cf Sect
B(ii)) is decisive in favouring the square-planar species 105. Of course, the solution behav-
iour shows that oufer-sphere influences are also important n determining the structure of
compounds of the type Ni(N),Y>.

Whust for the compounds Ni{N), Y, in the presence of the weak anionic donor ClQ4™
the substitution of the ligand py by 4-Mepy is sufficient to bning about the change-over
from an actahedral to a square-planar structure, complexes of the same type but contain-
wg stronger anionic ligands require a greater change of the second ligands to produce the
same effect. fodide 1s comparable to perchlorate. No doubt Ni(4-Mepy), 1, is octahedral
in contrast to [Ni(4-Mepy),]J(ClO,),, but [Ni(3,4-Me»py)s]15 and Ni(3, 5-Me,py)4l4
have the same strucrure¥* as [Ni(3,4-Me,py)41{ClO,); and Ni(3, 5-Me, py),(Cl0,);.

In the case of the stronger anionic donor Br~, the square-planar structure 1s only realised

wn one isomer of [Ni{(4-NH,py)4]Br, (ref. 44) and [Ni(bia)4]Bry (ref. 110). Recently 1t

has been shown that complexes of the type Ni{N), Y, may have either an octahedrai or a
square-pyramidal structure. For Ni(2-Merma), Br,, Goodgame et al. 7 found a rrans ar-
rangement of the halides. The Ni—Br distances are 2.53 and 3.57 A. In view of the Ni—Br
distance of 3.57 A, we can hardly speak of a coordinative bond, and therefore N1(2-Meima),-
Br, should 1ather be formulated with five-coordinate nickel(k). A chloro complex, 1so-
morphous with Ni(2-Meima)y Br,, has also been isolated This shows that bulky second
lgands in complexes of the type Ni(N), Y, may also displace chloro hgands from the co-
ordination sphere of the central atom.

Ethylenediamune is probably the least bulky among the bidentate amine ligands. There-
fore complexes of the composition Ni(en), Z, have no steric reasons for displacing aniome
or neutral ligands from the coordination sphere of the centiral 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. Cl0,4~ or Agl,™ 10ns) in the frans position is
small. This is demanstrated by the existence of the square-planar [Ni(en), ] [Agl;],

(ref. 152) and of the square-planar isomer of [Ni(en),]1(ClOy4), (ref. 111). However, if
coordination of the donors Z does occur, the arrangement of two en hgands 1s markedly
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affected. Thus, for the cation of [Ni(en),(H,0),]1(Cl0,4 )4 the ligand field spectrum
{maxima at 9800, 13,700, 18,400 and 22,000 cm—!; splitting of vy ) suggests a mans octa-
hedral structure whilst for ihe cation of [Ni(en);(H;0);1(BPhy); (maxima at 11,000,
18,000 and > 29,000 cm—!; no splitting of vy ) a cis octahedral structure is postulated 111,
Very probably the mrans octahedral configuration of the cation {Ni(en)z(l-lzﬂ)zlz"' is
stabilised by hydrogen bonds between the aquo ligands and the perchlorate anions, t.e. by
an outer-sphere effect. In the case of [Ni(en);(H,0),]1(BPhs ), such an interaction is im-
possible. Therefore the cis configuration, probably with hydrogen bonds between the

aque ligands, is favoured.
Cis structures are also observed for the dimeric complexes 112 [{en); NiCiyNifen), 1 Cl,

(XLII) and [(en);N:Br,Ni(en), ] Bry. Porai-Koshits et al. 10 explain the favouring of these

:-'\\ " \\Nl/f L

XL

structures compared to the monomeric ones [Ni{en);Cl3] and [Nr(en),Br,] in this way:
‘The lattice energy (£}) of the salt [(en); NiCl,Ni(en), 1Cl, is considerably higher than that
of the neutral complex Ni{en),Cl; (£ ). Therefore, E; together with the association enef-
gy of two fragments Ni(en),Ci™ will over-compensate £y and the energy of two Ni—Ci
bonds Ni(en),{NCS), and Ni(en),(NO3); (cf. Sect. E(i1)) have in fact a monomeric

trans structure 10, The considerable energies of the Ni—-NCS and Ni—NQ, bonds cannot be
compensaied by the lattice energy of the (hypothetical) salt

NCS
[(en),Ni \Nx(en)g](NCS)z * and the energy of the association of the fragments
Ssen

(en)3Ni(NCS)* or (en);Ni(NO;)" by asymmetric NCS or NO, bndges (cf. Sect. E(ii)).
However, it is not known why the fragments NI(EI'I)2C1+ dimerise via crs dichloro bndges,
rather than polymerise by zrans chloro bnidges

Substitution of ethylenediamine at the nitrogen atoms or at the carbon atoms of the
bismethylene group increases the bulk and facuitates the forrnation of square-planar spe-

NCS

NCS
Nilen); 12 1s present*** in [{en);NI_HSCN PLILOHIE

¥ The cation [(en) N‘I/
2
\SCN/
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cies of the composition [Ni1(R,en);]Y,. Again the donor strength of the anionic ligands
has great influence on the structure, as shown by the following examples: [N1i(a-Me,en), -
1, is square-planar, whereas [Ni(a-Mejen);Bry] and [Ni{g-Me,en),(NO;)1] are rrans
octahedral 114, Furthermore, the complexes [Ni(a-Et;en), ]Bry, [Ni{a-Etyen); 1{NO3),
and [Ni(a-Etyen); ][, are square-planar. Among the halide ions only the chloride is added
by the bulky cation [Ni(a-Etzen),]2* forming!!3 the octahedral species {Ni(a-Etyen)s-
Cl,}.

The ““classical” example of a diamine ligand affecting the coordination of the first ii-
gands in chelates of the type Ni(NMN),Y in a very specific manner is meso-stilbenediamine,
Octahedral neutral complexes [Ni(m-stien), Y, ] and square-planar complex salts
[Ni(m-stien),] Y, are formed depending on the donor strength of the antonic ligands. In
some cases, e.g. with Y = CICH,CO0~, Cl,CHCOO~ and Cl,CCO0~, two isomers have
been isclated 116118, The characterization of a blue isomer of Ni(m-stien), (Ci;CHCOQ),
with six-coordinate nickel (11} and of a yellow-green “pseudo-interallogon™ containing one
square-planar and two octahedral species in the unit cell is of special interest 119, The pre-
paration of yellow [Ni(H,N-CH,.CEt5-NH,),](Cl,CHCOQ); and of blue [Ni{H,N-CH,-
CEt;-Nl15),(Cl,CHCOQ), ] shows that in general C-substiuted ethylenediamines as -
gands in complexes of the type Ni(NNN),Y, may affect the formation of isomers!20 A
yellow, square-planar and a blue, octahedral isomer of Ni(H; N-CHZ-CMez-Nl-Iz)zClz are
known 12!, The latter is a dimer having a structure comparable {o [(en);NiCl5Ni{en),]Cl5,
XLIL

{if) Nitrite and nitrate coordination

The nitrite ion has free electron pairs at the nitragen and at the two oxygen atoms.
Therefore, as Jgrgenson and Wemer recognised, it may be bound to a central atom by
either the nitrogen or one of the oxygen atoms. Thus the possibility of formation of mtro
or nitrito complexes, and in special cases of corresponding linkage isomers, anses '22, For
along time investigation into the type of nitrite coordimation remained in the field of the
inert complexes of cobalt(1iI) and chromiurn (I1I). Only during the sixties was more atten-
ticn given to the nitrite complexes of aickel(I), and thus it was found that mtrite can
function both as a monodentate nitro (XLIII} or nitrito ligand (XLIV), and also as a bi-
dentate chelate XLV or bridging ligand XLVI, XLVIL. The reasons for the observed differ-

O fu) o
£ e N
Lxbli — ML L g = Omm i, an.\ /',N
o o
AN XLiv XLV
LeM LM Nl
N— 0
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ences in the nitsite coordination have been recognised above all in connection with investi-
gations on chelates containing ethylenediamine or other diamines as second ligand besides
the first ligand, nitrite. Table 7 shows that in nickel(If) complexes the coordination of the
nitrite by the nitrogen is favoured, evidenily because of the higher bond energy of the
Ni—N compared to the Ni—O bond (cf. the AH value of isomerisation 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 nitrito complex. Therefore the nitro configuration
will be realised only in compounds 123 whose second ligands provide little or no steric
hindrance to the approach of the nitrogen atom of NO, ™, This applies to the neuural
higands 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 jigands 15 so great that only the mitrito
configuration is possibie,

There is a noteworthy difference in the configurations of the complexes XLVII! and
1L, derived from the two isomer sulbene diamlnes. As shown by a madel125, the two
pheny! substituents have an equatorial position at the chelate rings formed by rac-stien,
but an axial position at the chelate vings formed by m-stien. Only in the latter case is there
anon-bonding interaction between nitrite groups in the frans position and the phenyl sub-
stituents and therefore a constraint on the fonmation of a nitrito species.

The cross-over pomnt between stable nitro and stable nitrito configuration is observed
with the compounds [Ni(s-Et;en)s(nitnte),], L: {Ni{e-Me,en),(nitrite),]) LI; and
[Ni(quin),(nitnte}, ], LIE It follows from the IR and visible spectral26 that LII probably
contains both nitro and nitrito species in the unit cell, and that the real configuration of
L and LI is determined by the relations in the second sphere {degrez of solvation, packing
in the crystal). In this way we can understand why these compounds exist as the nitrito
1somer in the solid state, but a temperature-controlled equiibrium (1) between the nitro
and nitnto 1omers is established 123 in chloroform solution. Because of the decreased
stetic hindrance the nitrito isomer is favoured by AS.

[NI(S-EIICﬂ)z(NOz)J'] = [Nl(&‘-EtzBﬂ)z(ONO}2] (1)
AH =23 % 0.6 keal AS=72%*12e0n.

While the structures of the corupounds ctted in 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
Ni(NNN},(NO,)Y (Table 8) 10, Above all, if 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);(NO4)X] (X = Cl, Br, I} is favoured for
the same reasans as are decisive for the salts f(en), NiX,Ni{en), 1X5 (X = C], BN10 (cf.
Sect. E(i)), and therefore it 15 not surprising that [N1{en), (NCS)NO; )], like [Ni{en);-
(NO,),] (LI E35 and [Ni(en),(NCS); | (LTV)*0, contams monodentate nitrite and
thiocyanate. However, in contrast to LIIT and LIV [Ni{en)s(NCS)YNO;)] has a cis struc-
ture, probably because of a specific interaction between nitrite and the thiocyanate ligands10.
As the nitrite jon has free electron pairs both at the nitrogen and at the oxygen, several
configurations are possible for complexes contaming this anion as a bidentate ligand. In the
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TABLE 8

Structures of actahedral complewes of the type Ni{NN) (INO )Y
Brnidging nitrite (XLV1)

eis-Nitro Chelating nitrite (XLV)
[(nuzrsee) Ni(en); JCILOq (el 130)

[N en)z2{NCSHNOZ)] (ref 128) =0
(N> YNi(en);]Br {1ef. 129)
“~o

O
[(nascite) Na{en)g |BF 5 {xel. 130)

I{N/ INifen); |1 (et 129)
™o
Q
[(N/ YNuaep); 11 {ref 133)
\0
/0
[{N INi{Meaep)z } {ref. 133)
\‘0

case of the catian [Ni(en),(mitnte)]*, far instance, a four-membered chelate ring LV may
be formed 2%, or a coordination polymensation to LVI, which is distinguished by
delocalisation of 7-electrons 131, may accur. Referred ta one unit [Niden),{nitnite)}*, the

’— \ 12+

N
[~ * S =g
/N a
M- —|===== ] No——-b———=zN
:! \ M.l"/‘l'll !):\N !; ‘\“-\Nc ’/:'-
K,. N
! . o\,
Ly /
MNA"H 2 en New—=——m ————
t; \\NU/Q
N_\\N
Lv

two cationic species LY and LVI should differ only slightly in energy; the lattice forces
shoulid be decisive for the appearance of the confipuration LV in the halides, and of the

configuration LV1 in the perchlorate as shown in Table 8,
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if we include the chelating nitrite in the discussion at the beginning of Sect. E(i1), then
the following graduation of the stenc requirements in octahedral nickel(If) complexes
may be supposed: 2 rutro ligands > 2 nitrito ligands > 1 chelating ligand. Therefore for
mixed- nd complexes of type Ni(N)4(nitrite), we shall expect the following sequence
of configurations with increasing bulk of the anionic ligands.
)

et
trens-N1(N)4(NO, )5 - trans-Ni(N),(ONO}, —» [(N;Z\ INi(Ny)1NQO,
0 O
e
The most bulky antonic ligands should form only the 1, 1.complexes (Ng\\\ JaNi(N),.
0
This sequence 1s realised in practice 13# as shown by the complexes LIiI, L, LV1! and
.0
(N< )3 Ni(Megen). Again the difference in the conflgurations of LVII and LVIIL s
"0
caused by the higher steric requirermnents of a higand forming a six-membered chelate
ring compared to those of a ligand forming a five-membered ring (cf. Sect. D).
The purple complex Ni(3—Mepy)2(nitrite). i CeHg, LIX 135 which crystallises after
some days from a solution of Ni(3-Mepy),(ONO), in benzene has a very uncommon

3~ Mepy a-Mepy 3-kapy

o]

N /

O——N

/\/’

4\/0

N N ]

s \I/O‘-\.\
] 1 M ':N
o [N ——o ~ | N
7/ /
O N
)
A-MMepy A-hiepy 3-Mepy

N

LIX { benzene motecules have been omitied)

structuce. It is 2 trimer containing both chelaiing and bridging nitrite of the types XLV
and XLVIL. In this compound the sheet of nickel atoms and nitrdte ligands is nearly planar.
Thus effective delocalisation of melectrons is possible. Probably this electron delocalisa-
tion and the distance between the coplanar pyridine ligands, which is optimal for a disper.
sion interaction, cause the remarkable stability of LIX.

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

(@) Maxima at 1412 and 1236 cm~! -+ bridping nitrite type XLVL (The lower frequen-
cy ¥(NO) is shifted httle from ¢ of the free ion (1261 cm~1), but the other has moved
to much higher frequency (v, of the free ion: 1328 cm—1).)

(b) Maxima at 1460 and 1019 cm~* ~ bridging nitnte type XLVII (presence of me »(NO)
at very low frequency and one at very high frequency}.

(¢) Maxima at 1299 and 863 em—! - chelating nitrite. (The two v(NO) are shifted to
lower frequencies, but § (NO) (free NO, ™" 828 em—1) 1s moved 134 t0 850—880 cm~!. With
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compound LIX probably the lower frequency »(INO) is superimposed upon the correspon-
ding band of the bridging nitrite type XLVL)

There are significant differences between these characterishe frequencies of bidentate
nitrite ligands and those of monodentate ones 125, Thus for trans-Ni(en);(NO,); maxima
are fornd at 1333 and 1299 cm—! (small nise of p (NO) and larger rise of v, (NQO)), and
for trans-Ni(a-Me,en);(ONO), maxima at 1387 and 1130 cm—! (rise of ¢, (NQ) and
lowering of v, (NQ), but to 2 smaller degree than with bridging ligands of type XLVII) are
observed. Therefore IR spectroscopy, when reasonably used 1n conjunction with visible
speciroscopy, proves to be very useful for structural characterisation of nitrite complexes
of nickel(Il).

In contrast to nitrite, monodentate nitrate can coordinate only by oxygen, and nitrate
bndges anatogous to XLVI are impossible. Four-membered chelate rings, however, may
exist in nitrate complexes (LX).

In general, the nitrate ion is 2 weaker ligand than nitrite. This is shown by the following
facts.

(a) Among the complexes of a-Etpen, [Ni(g-Etzen);(ONO),] is rans octahedral,
having a nitrito configuration 125, but [Ni(a-Et,en),}(NO3), is square-planar and no coor-
dination of the nitrate 10ns takes place 113,

(&) In the ligand-field spectra of rrans complexes of the type N1(M),(ONO,);, because
of the larpe differences between the field strength of the axial and the equatorial ligands,
the v| band 1s split191.114, This is in clear contrast to the nitrito complexes Ni(N);(ONO),,
where broadening but not splitting of this band is observed. Thexefore the splitting of this
band and that of the asymmetric #(NO) 1n the IR spectrum may be used as a proof for the
rrans structure for nitrato complexes of the type Ni(N),(ONO,),.

As with the nitrite complexes, the steric requirements of the second ligands are decisive
in determining the configuration of the octahedral complexes10! of the type Ni(L)4-
(nitrate),. Small second ligands like water or en favour monodentate coordination of
the nitrate. The complex [Ni(H,0),(ONO,),]| shows that a ¢fs configuration is possible 137
though the interligand repulsions are minimised by a rrans configuration.

For compounds of the typs Ni(N),(nitrate),, more bulky amine ligands in general
cause the formation of complex salts containing nitrate as a bidentate chelate ligand,
yiz, 138,139 [(0N<3)Ni(N)4]No3, LX. The grans octahedral [Ni(Etaep),(ONO,),]
with monodentate nitrate 140, and the cis octahedral [(ON{g)Ni(Etmnp)leO:,, with
chelating nitrate 139, however, show that the electromic properties and the mutual steric
interactions of the amine ligands also have an influence on the structure of the whole com-
plex. In Sect. B(iii) the possibility of a weak n-bond between nickel(II) and pyridine ligands
was discussed. Among the scarcely sterically hindered isomers of [Ni(Etamp);(nitrate),},
X1 is stabilised to a higher degree than the others by this m-bonding, because two out of
the three filled 3¢, orbitals of the central atom may interact with antibonding m-orbitals
of the pyridine ligands }3%. By considering models we can see that when the Etamp ligands
in the 15omer LXI are replaced by the ligand Etaep, i.e. 2 substitution of two five-mem-
bered chelate rings by two six-membered ones, steric hindrance between the sthyl groups
and the bismethylene fragments of the rings is present. A change to the configuration with
a trans position of the aliphatic amino groups therefore takes place. The IR spectrum and
the ligand field spectrum of Ni(Etaep),(ONO,);1(two maxima at 9800 and 15,500 em~!,
splitting of the vy-band) show that the configuration is LXI1, with monodentate nitrate 140,
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The most bulky amine ligands, like Me, tn (ref. 52), Mejaep (ref 140} and NN N' N
tetrasnethylphenylenedianune 141, form only 1, I-complexes with nickel mitrate, A dis-
torted octahedral structure is attajined when the two nitrate ions act as bidentate chelate
ligands.

(i} Complexes of potenntially tri- and retradentare ligands

Nitrite and mtrate are potentially bidentate Ligands, as shown in Sect. E(n). Whether
this bidenticity is actually realised in a mixed-ligand complex, or whether only one coor-
dsnative bond to the central atom 1s formed, depends largely on the second ligand. Very
similar conditions are observed with several mixed-ligand complexes containing potentially
tri- and quadridentate first ligands which in contrast to the bidentate nitrite or mtrate do
not form strained four-membered rings, but form the maore stable five- or six-tnembered
rings. Sometimes the influence of the second ligands is relatively unspecific, and the actual
denticity i principally determined by the steric and electronic properties of the first
licands themselves (cf. Sect. D). In other cases, however, the second ligands have a specific
influence on the denticity of the first ligands and on the configuration of the whole com-
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plex. Of course, many complexes show intermediate behaviour.

Sacconi and Bertini 142 prepared the compounds (2-MeQOBenNMe, )NiX,, LXII (X =
Cl, Br), (2-MeOBenNEty)NiX,, LXIV (X = Cl, Br, I), and (2-MeOBmNMe, )NiX,, LXV
(X =, Br). Brck-red complexes of the types LXHI and LXV are five.coordinate, but

T

L CHRl —NRz " R R*

CH =N 2- MeOBenNMea- 2 Me OMe

2~ MeQBenNEL, 2 Et OMe

R 2-MeOBtntMe, 3 e Ohte
BenphiMe, 2 Et H

the purple complexes of the type LXIV are four-coordinate and tetrahedral. In all three
cases variation of the anion has no influence on the structure. This means that the actual
denticity of the ligands 2-MeOBenNMe,, 2-MeOBenNEt, and 2-MeOBtnNMe, is deter-
mined by their steric requirements. the steric hindrance engendered by replacing the two
methyl groups in the side chain of 2-MeOBenNMe, by ethyl groups will be sufficient 1o
lower the denticity from 3 to 2. From the close correspondence between the reflection
spectra of (2-MeOBenNEty)NiBrg and (BenNEt,)NiBr, it may be inferred that the
methoxy group of 2-MeOBenNEt, is non-coordinated. OF course, the nickel—oxygen
bonds in chelates of the types L XEI and L.XV are relatively weak. On dissolving in orgamie
solvenis, a temperamire-controlled equilibrium between four- and five-coordinate specles
1s therefore established.

Also, for the complexes (Ph,PphiNMe,)INiX,, [PhP(phNMe, ), [N1X,, and [P(phiNMe,);]-
NiX4 (X = Cl, Br), no specific influence of the amons on the coordination of the first
ligand is observed 143 In the sohd state dimeric five-coordinate species with hahde bridges

PhaPphNMes
Pphn Pn P{DhNMEz)z

F{pnNMeyl,

D~ NI

MeoN S 3-n

are present (cf, the structure of Ni(2,9-Me,phen)Cl,, XXIX). Consequently for
Ph,PphNMe, the actual and potential denticities correspond to each other, but for FhP-
(phNMe, ), and P(phNMe, )y they do not. The reason for this seems to be that electron
withdrawal, transmitted through the aromatic system, becomes so strong that the donor
strength of the remaining dimethylamino proups declimes below the limit required for a
coordinauve bond.

These examples show that generally an unspecific mnfluence of 1he second ligands on the
actual denticity of the first lipands is to be expected, if these first igands 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 1n the ligand. Thus, in the
complex LXVI, the phosphine ligand is bidentate, and the Ni—O distance of 3.2 A pre-
cludes a coordinative bond between the central aiom and the other groups.

The complex LXV1 is interesting for a further reason: the ligand Ph, P(CH,),0 (CH; )5~
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\ o CH; group

LXWVi
Q

O(CH,),PPh has nearly the same chain length as Ph,P(CH,)gPPh,. Therefore both
phosphines, when acting as bidentate hgands, should have comparable electronic and steric
wnfluences on the central atom. However, [PhoP(CH4)g PPh,INil,, LXVI, is paramag:-
netic and tetrahedral, while the structure of the diamagnetic complax LXVI is intarmedi-
ate between a square-plane and a tetrahedron. Sacconi and Dapporto 184 gupsest that the
different configurations of the complexes LXV1 and LXVII arise through different dispo-
sitions of the chain. These different dispositions are probably due to electrostatic inter-
action of the oxygen atoms and the metal atom. In fact, of all the atoms in the chain, the
oxygen atoms are the nearest to the metal,

Using the ligand (2-Me); tpma Nelson and co-workers 145 investigated the specific in-
fluence of coordinated anions on the actuat dernticity of an N,-donor. This hgand contains

tpma R=H
N—(CWQ {2-Meltpma R=Me
R /3

a methyl group in the position a to each pyrnidine nitrogen atom. Therefore steric hin-
drance occurs if this ligand 1s tetradentate. This is to be seen most clearly in a comparison of
the complexes Ni{tpma) X, and Nif{2-Me), tpma] X5 (X = Cl, Br). The former, because of
the absence of steric hindrance by the cemethy! groups, have a cis octahedral structure
with tetradentate tpma;in the latter the nickel(1D) s only five-coordinate, and one of the
pyridine groups of {2-Me); tpma does not interact with the central atom. Nevertheless, in
spite of steric hindrance the ligand (2-Me); tpma may be tetradentate, as follows from the
structure of the compounds Ni[(2-Me)ztpma] (NCS),, {Ni[(2-Me); tpma] (g‘;:NO)} Clo4
(LXVIID), (Nif(2-Me)3tpma) (5 ==Cl0,)1CI0, (LXIX), {Ni[(2-Me);tpma]l3ClO4 (LXX)
and {N1[(2-Me); tpma} C1} CIO,, (1.XXI).

The anion NCS™ coordinating via the nmitrogen 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 (I1) in Ni[(2-Me)y tpma](NCS); adds the maximum
number of donor groups, i.e. six. Similar conditions as to the polarisability of anions are
valid for the compounds LXVIII and LXIX. Because of the overcrowding of the coordina-
tron sphere by the ligand (2-Me), tpma, the addition of two more bulky anions such as
perchlorate or mitrate is impossible. Therefore, only one of them is bound, forming a four-
memberzd 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. kn this way the Pauling Electronentrality Principle can
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be better met (cf. Sect. C).

In the five-coordinate camplexes LXX and LXXI (2-Me)y tpma is also tetradentate.
For LXX replacement of the perchlorate by a second iodide ion has no influence on the
structure and {Ni[2-Me); tpmal1}I contains the same cation as LXX. On the other hand
there is a significant structural difference between LXXI and Ni[(2-Me);tpma] Cl; (see
above), evidently because of the low stability of the cation { Ni{(2-Me)3tpma] Cl}*. The
different behaviour of {Ni[(2-Me)3tpmalI}* and {Ni[(2-Me)4tpma)Ci}* towards excess
I~ and Cl- can scarcely be attnibuted to the different sizes of these anions. The acceptor
character of the central atom nickel (1), which is intermediate between hard and soft, is
largely determined by the properties of the ligands 146 n the cations {Ni[(2-Me)stpmall*}
and {Nif(2-Me);tpma]Ci}* the decisive influence is that of the four nitrogen donors and
therefore the central atom should behave like 2 hard acceptor, Consequently, the hard
donor CI~ adds to the cation {Ni[(2-Me)3 tpma]Cl} * with a simultanecus breaking of a
Ni—N band, but no addition of the soft donor [™ to {Nif(2-Me), tpma]I}* occurs.

Hardness or softness of the second ligands influences more seriously the actual dentici-
ty of “hybnd ligands™, i.e. of ligands containing both hard and soft donor groups. Sacconi
and Morassi 147 have synthesised a series of nickel(II) complexes of the lipands N3P, N3S
and N3 As with square-planar, square-pyrarmidal and trigonal-bipyramidal structures.

__CH,~CH,NEt, __CH,—CH,—~NEt CH,~CH,—NEt,
N KCH2_CH2_NEi2 N—\:CHZ—CﬂszEIZ NT\*\CHz—CHz-—-NEtz
CHzPCHz-—-PPl'Iz CHz-—CHz——STME CH:—CHz-—-ASPhZ

N3P Nas N3 As

The sulphur ligand complexes [Ni(N3S)X] BPhy usually have coordination number 5, so
that the potential and actual denticities correspond to one another. Most probably the
reason for this is not a special donor quality of the —SMe group rowards nickel(II), but its
small steric requirement (cf. Sect. D(i)).

Both square-planar complexes and five-coordinate complexes are formed by the ligands
N3P and N3 As. With square-planar complexes of the compasition [Ni(NN,P)X] BPh, *
LXXI1148 and [Ni(N3X_s )X}BPhy, LXXIIE 11 the different coordination tendencies of
the diphenylphosphino and the diphenylarsino groups towards nickel(il) become clearly
apparent. In both cases the potentially tetradentate ligands are actually tridentate. In the
compounds of type LXXII the chromophore is NiN, PX, with one of ‘fRe diethylamino
groups uncoordinated, whereas in compounds of the type LXXIII, on the other hang, it is
NiN4 X, with the diphenylarsino group uncoordinated ** From consideration of the com-
plex cations {Ni[{2-Me); tpmall}* and {Ni[(2-Me),tpma]Ci}* it follouws that the central

* 4 line over the symboal of the danor atam (N, As ) means that this donor atom s not coordmated.
** The compound [N1(N3As)¥]BPhg (sef. 147) with coordination number § is an éxception. The reason
for this is not clear_
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atomns 1n the square-planar species [Ni{N3As )X]* are hard acceptors and that they can
only add hard donors. Therefore the formation of the square-pyramidal Ni(N5 As J(NCS),
with a non-coordinated diphenylarsino group becomes understandable.

In the cation [I\Ii(ﬁNzP'))'(]+ the ligand N3P coordinates via two hard and one soft donor
atom. In this case the fourth, i.e the anionic, ligand has a strong influence on the charac-
ter of the centra! atom. The relatively hard ligands C1™ or Br™ cause a “hardening™ of the
central atom Therefore, under certain conditions the uncoordinated diethylamino group of
[Ni(NN,P)CI]™ or [Ni(NN, P) Br}*, which is a hard donor, inay be added to the central
atemn, mncereasmg the coordination numbey to five Thus, the trigonal-bipyramidal isomers
of LXXIH, i.e. [N1{N3P)}X]BPh,; (LXXIV, X = Cl or Br), may be isolated 147, In chloroform
a temperature-controlled equilibrium between LXXIT and LXXIV 15 established 148, On
the other hand, I causes the central atom of [Ni(NN,P)I]* to hecome a soft acceptor,
and coordinaticn of the free diethylamino group does not accur either in the solid state
or in a solution.

In mixed-hgand com plexes of mickel(Il), thiocyanate ligands particularly favour the
coordination of hard donors rather than soft donors. Thus, the chromophore in Ni(N3P)-
{NCS}, is NiN;{NCS},, as in Ni(N3ASs }(NCS),, and the diphenylphosphino group s un-
coordmated ME. Besides the octahedral isomer of Ni(Et,PeSEt),(NCS),, a second rrans
planar isomer 1s known with the ligand Et,PeSEt bound only by the phosphorus150. In
the square-planar Nz(Phg.ﬁep)z(NCS)z, Ph, Asep is monodentate, coordinating via the
nitrogen 131,

I. CONCLUSIONS

Recent invesiigation of nickel(I1) complexes has shown that besides the characteristic
coordination numbers four and six, the coordmation number five with a square-pyramidal
or a trigonal-bipyramidal arrangement of the Jigands also occurs. The structure of a given
nickel{(11) complex is primanly determmumed by the stevic and electronic effects of the
donor atoms of the ligands, In mafy cases isomers are Known differing in the geometrical
arrangement of the ligands (Sect. B), in the degree of association (Sect. C), in the kind of
the linkage between the ligands and the central atom (Sect. E(i1)), or 1n the number of
coordinated amons (Sect E(i)). Many of these isomers are energetically nearly equivalent,
and therefore secondary effects such as the packing of the molecules in the crystal lattice
(Sect. B(it)) or solvation by polar or non-polar solvents determine the occurience of a
certain isomer. In other cases, above all in solution, temperature-controlled equiltbria he-
tween the isomers are established (Sects. B(3), (iv), E(i1) etc.), or sohid interaliogons are
formed (Sect. B(i1)). Such secondary effects cannot always be atirshuted to intermolecular
interactions, but they denve from the particular strucrture of the ligand.

Classical coordination chemists were primanly nterested mn the first sphere, the coor-
dination sphere, and they owe their successes in no small part to that wise hmtation. But
in the present state of knowiedge interest must also be taken in the second sphere, ie. to
secondary effects mentioned above. Thus is necessary, first, to obtain deeper insight into
the phenomenon of “caordination™, Secondly, it must be mentioned once more that for
metal complexes, whose actual structure 1s often decisively determined by sich secondary
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effects, isomers arc to be expected. The latter differ characteristically in their physical prop-
erties (magnetic moment, dipole moment, absorption spectrum ete.), hut only a small
quantity of energy is needed to bring about their (often reverstble) interconversion.

REFERENCES

1 M. Ciampolini and N. Nardy, fuorg Chenr , 5 (19656) 40.
2 M. Campohni and G.P. Sperons, friorg Chem., 5 (1966) 45.
3 L Sacconms, P.L QOrioland M D: Vaira, J. Amer. Cherm Soc, 87 (1965) 2059.
4 L.B. Fleischer, A.E, Gebala and D E Swilt, Chemn. Commun., {1971) 1280
5 B.T. Kdbourn, H.M. Powell and 3 A.C. Derbyshire, Proc Chem Soc., London, {1963} 207.
6 I P Fackler and F.A. Cotton, J Awmer Chem. Soc., B3 (1961) 3775,
7 F A. Cotton and J P. Fackler, J Armer. Chem. Soc, B3 (1961) 2818
8 L. Wolf and E. Butter, Z. Anorg Allg. Chem., 339 {1965) 191,
S D P Graddon, Coord Chem. Rev., 4 (1969) 8.
10 M A Porai-Koshits, A E. Shwelashwili, A S Antsishking and L.Kh. Munatsheva, 2 Neorg Kilim.,
13 (1968) 1245
11 L. Saccont, J. Chem. Soc A4, (1970) 248
12 C.R.C. Coussmaker, H.M. Hutchunson, J.R Mellor, L.E Sutton and L M. Venanzi, J Chern. Soc.
London, (19613 2705.
13 L. Saccom, Coord. Chen:. Rev., 1 {1966) 136
14 R.L. Braun and E C Lingafetier, Acta Crystollogr , 22 (1967) 787,
15 R.H. Holm and K Swaminathan, frnorg. Cherr, 2 (1962) 181.
16 R.H. Holm, A. Chakraverty and G O Dudek, J. Amer. Chem. Soc, 86 {1964) 379
17 L. Saccom, M Ciampolin and N. Nardy, J Amer. Chem. Soc, 86 {(1964) B19.
18 L. Saccom, P. Paclett1 and M. Crampolini, f Amer Chent Soc, 85 {(1963) 411.
19 ¥, M. Stewart and E.C. Lingafelter, Acra Crystallogr., 12 (1959) 842,
30 E. Frasson, C Fanattoni and L. Sacconi, J. Phys Chem., 63 (1959) 1308,
21 M.R Fox and [ . Lingalctter, Acta Crysrallogr,, 22 (1967) 943,
22 R.H. Holm, J. Amer. Cltesnnr. Soc, 83 (1961) 4683,
23 M.R. Fox, P.L Qrioh, E C, Lingafelter and L. Saccon:, Aera Crystaflogr, 17 (1964) 1159
24 R.L. Braun and E C. Lingafeiter, Acta Crysraliogr., 21 (1966) 546.
25 R L. Braun and E . Lingafelter. Acta Crysrallogr, 22 (1967) 780.
26 R.L. Braun and E.C. Lingafelter, Acra Crystallogr., 22 (1967} 787.
27 E C. Lingafelter and R.L. Braun, L. Amer. Chem. Soc, 88 (1966) 2951,
28 K. A, Jensen, £ Anorg Allg. Cherm, 229 (1936) 265.
29 L.M. Venanm, J. Chem Soe , London, {(1958) 719.
30 F.A. Cotton, O.D. Faut. D.M L. Goodgzme and R H Holm, J 4Amer. Chem Soc, B3 (1961) 17RO,
31 J.R. Blackburn, R. Nordberg, F. Stevie, R_.C. Albridge and M.M. lanes, frnorg Cherm., 9 (1970} 2374,
32 M. Merer, F. Basolo and R.G. Pearson, Irorg Chernt, 8 (1969) 795,
33 F. Basolo and R G. Pearson, Mechamsm of Inorganic Reactions, Wiey, New York, 1967, p. 101.
34 W.A. Henderson and C.A. Streuly, . dmer. Chem, Soc., 82 (1960) 5791.
35 M.C, Brownmng, ILR. Mellor, D J. Morgan, S.A 1. Pratt, L E Sutton and L M. Venanzs, J, Client.
Soc., London, (1962) 693
36 R G. Hayter and F 8. Hummiec, frrorg €hem , 4 (1965) 170L.
37 R.W. Asmussen, A. Jensen and H. Soling, Acra Chem Scand., 9 (1955) 1391.
3B F.A. Cotton, O.D. Faut and D.M.L. Goodgame, J. dmer. Chernt. Soc, B3 (1961) 344,
39 B, T. Kubourn and H.M. Powell, J. Chem Sor. A, (1970} 1688,
40 G Garton, D.E. Henn, H.M. Powell and L.M. Venanay, J. Chent. Soe., London, {1963) 3625.
41 7 A Y. Jarvass, R H.B Mais and P G. Qwston, J. Chem. Soc A, {1968) 1473.
42 E. Unlig and K. Starper, Z. Anorg. Allg Chem., 336 (1965) 179.



262 E. UHLIG

43 H.C A. Kang, E. Kéros and § M, Nelson, J. £hem Soe., London, (1963) 5449,

44 L.M. Vallanno, W.E, Hdl and I.V_ Quaghano, faorg Cher:, 4 (1965) 1598.

45 A B.P. Leveg, S k8. Nelson and T.M Shepherd, fnorg Chem, 4 (1965} B10

46 S M. Nelson and T.M. Shepherd, S Chem. Soc, London, (1965) 3284,

47 A Gero and }J. Markham, J Org Chemn., 16 (1951) 1835

48 W. Ludwig and G. Wittmann, Helv Chan dcra, 47 (1964} 1265.

49 M. Goodgame and M J. Weeks, J Chem. Soc 4, (1966) 1156.

50 S.M. Nelson and T.M Shepherd, J Chem Soc., Londan, (L965) 3276,

51§ Buffagni, LM Vallanno and J.V. Quaghano, fnorg Chem , 3 {1964) 480.

52 L. Saccom, 1. Bertim and F. Mam, Jnorg. Clrem., 6 (1967 262

53 F. Mani and 1. Rertini, fMrg Chim. Acta, 3 {1969} 451.

54 E. Uhbg and E Unger, Z. dnorg Allg Chern, 363 (1968} 151.

55 E. Uhlg, J. Csiszar and M, Maaser, Z. Anorg Allg Chem., 331 (1964) 324

56 E Uhlig, R. Krahmer and H. Wolf, Z Arorg. Allg Chent, 361 {1568) i57.

57 L. Unhligand M Maaser, 2 Anorg. Ally Chem , 344 (1966) 205,

58 J_ Rodgers and R A. Jacobson, J. Clem. Soc. A, {1370) 1826,

59 K.N. Raymond and F. Basolo, fmorg Chem , 5 (1966} 949

60 J. Zemann, Z Anorg Chem , 324 {1963) 241,

61 L. Saccom, Transition Metal Cher , 4 (1968) 221,

62 A, Terzis, K.N Raymond and T G Spuo, fnorg Cherr , 9 {1970) 2415

63 K N. Raymond, P.W_R. Corfield and 1.A. Ibers, fmorg. Chem., 7 (1968) 1362,

64 I'. Basolo and R G. Pearson, Afechanism of fnorgamc Reactions, Wiley, New York, 1967, p, 112,

65 T. Basolo and R.G. Pearson, Mechamisint of fnorganic Reactions, Wiley, New York, 1967, p. 398.

66 W, Kelly, G, Ford and S M. Nelson, J Chem. Soc A, (1971) 388

67 W. Dahlhoff and S.M. Nelson, J. Chenv Soc 4. (1971) 2184,

68 J.D. Dunug, Acta Crystaliogr, 10 (1957 307

69 D M.L. Goodgame and M. Goodgame, J Chem Sor., Lotdon, (1963) 207.

70 D.M.L. Goodgame, M Goodgame and M.J. Week., J. Chem. Sor,, London, (1964) £194

71 H.S Prestonand C.H L. Kennard, 7 Chern. Soc A, {1969) 2682,

72 D.M L. Goodgame, M Goodpame and G.W, Rayner-Canham, fnorg Chim Acte, 3 {1969) 399

73 E. Uhlig, E. Unger and U, Dinyus, Z. Anorg Allg Chem., 380 (1971) 181

74 R M Holm, G W. Everett and A. Chakraverty, Progr. frnorg Chem., 7 {1966) 131, 147

75 W. Ludwig, Hele Chimn, Aera, 45 (1962) 665,

76 L. Sacconi and M. Crampohin;, J. Amer Cherm. Soc, 85 (1963) 1750,

77 L S4ccom, P, Mannell, N, Nardi and U. Campiglt, fnorg Chem , 4 (1965) 943,

78 L. Saccony, P. Oroliand M Di Vaua, J. Amer Chem Soc, 87 (1963) 2059.

7% G I. Bullen, R Mason and B, Pauling, fnorg Chem, 4 (1965) 456,

80 1.P. Fackler, J. Amer. Chen. Sog¢ , 84 {1962) 24,

81 NS Giliand R.S. Nyholm, J Chem, Soc, London, (1$59) 3997,

82 N S. Gill, R.S Nyhoim, G A Barclay, T 1 Chnistie and PJ. Pauling, J frorg. Nuci Chem, 18
{1961) B88.

83 K A Jensen and O Dahl, Actg Chern. Scand , 22 {1968) 1044,

84 D.F. Graddon, Coord, Chemn, Rev , 4 (1969 L.

85 L. Wey, R.M. Stogsdill and E,C. Lingafelter, Aeta Crystallogr., 17 (1964) 1058,

86 R.H. Holm and K. Swaminathan, frorg Chem., 1 (1962) 599.

87 F.A. Cotton and J 1 Wise, Inorg Cheme. 5 (1964) 1200,

B8 C A Rootand D H. Busch, Inorg Chem , 7 {1968) 789,

89 S. Yamada, E. Ohno, Y, Kuge, A. Takeuchy, K. Yamanouch: and K. Iwasaki, Coord, Chem. Rev,
3{1968) 247,

90 L. Sacconu, P, Nannelli and U, Campigl. fnorg Chemt., 4 {1965) 818.

21 L. Saccom, N. Nardi and F. Zanobin, frorg Chem, 5 {1966) 1872,

92 R.W. Ochmke and J.C. Badar, J fnorg. Nuel Chem, 27 (1965) 2209,

93 E Uhligand G Heving, unpublished results.

94 E Uhbig and B. Machelett, unpublished resulis



FACTORS INFLUENCING THE STRUCTURE OF NICKEL (Il} COMPLEXES 263

95 E Uhtig and B Machelett, 2 Chem., 9 (1969) 274,
96 M. Di Vaira and P.L. Orioli, frorg Cler, 6 (1967) 490,
97 E. Uhlig and B, Machelett, 2 Chem , 9 (1969) 155
98 A Clearfield, P, Singh and J. Bernal, Chermt Comrmur., (1970} 389,
99 L. Pratt and B.B. Smuth, Trans. Foraday Soc., 65 (1969) 915.
100 P. Paolett:, S. Biaging and M. Cannas, Chermn Cornmun.. {1969 513,
101 NLF. Curtis and Y.M, Curtis, Inorg Chern, 4 (1965) 804,
102 N.S. Gilt, R.H. Nutiall, D.E. Scaife and D.W.A. Sharp, J fnorg Nucl Chern, 18 (1961} 79.
103 M. Goldstewn, E.F. Mooney, A Anderson and H.A Gebbae, Spectrochim Acta, 21 (1965) 105.
104 E. Uhlig, L. My Ngu and W. Hepp, unpublished rasults
105 W.E. Bull and L.E. Moore, J frorg. Nucl. Chem., 27 {1965) 1341.
106 S Buffagm, L M Vallanino and J V Quaglianoe, frorg. Chem ., 3 (1964) 671.
107 F. Madaule-Aubry and G_M. Brown, deta Crystailogr.. Sect B, 24 (1968) 745
108 F, Madaule-Aubry, W.R. Busing and G M. Brown, Acta Crystallogr , Sect B, 24 (1968) 754.
109 M.R. Rosenthal and R.S. Drage, fnorg Chem , 5 {1966} 492,
110 D.M.L. Goodgame, M, Geoodgame and M.J. Weeks, J. Chemn Soc A, {1967} L125.
111 M.E. Farago, I.M. James and V.C.G. Trew, J. Chem Soc. A, (1967) B20.
112 A 5. antsyshkina and M.A. Parmi-Koshuts, Dokl dkad. Mauk SSSR, 143 (1962) 105,
113 A.E. Shwelashwili, M.A. Porar-Koshits and A.S. Antsyshkina, Zh Srrukr. Khim., 5 (1964) 797.
114 D M.L. Goodgame and L M. Venanz, J Chem. Soc, London, (1963} 5909
115 D M.L. Goadgame and L_.M. Venanzi, J. Cherm Soc.. London, (1963) 610,
116 I. Lifschatz, 1.G. Bos and K.M. Dijkema, Z. Anorg Alle Chem , 242 (1939} 97
1i7 F. Hemn and H. Mulier, Z. Anorg. Allg. Cheny, 283 (19561 172.
118 A. Kucheiss, Z. Chem , 9 (1969) 33, 34,67,
119 W C E. Higainson, S.C. Nyburg and I S, Woad, fmorg Chent, 3 {(1964) 463, 468,
120 A. Kcheiss, Z Namirforsch B, 19 {1964) 936.
121 M.E. Farago, J.M James and V.C.G. Trew, J Chemt Sor A, (1968) 48
122 F. Hein, Chemische Koordinationslehre, Huzel, Leipzig, 1971, p. 246.
123 D.M.L. Goodgame and M A. Hitchman, Juorg Cherr, 5 (1966} 1303
124 M.A. Porai-Koshits and L.Xh. Minatsheva, Zh Strukt. Khurm, 5 (1964) 6§42,
125 D.M.L Goodgame and M.A Hitchman, frorg Chem , 3 (1964) 1389
126 D.M L. Goodgame and M A Hitchman, frorg. Chim. deta, 3 (1969) 319,
127 M G.B. Drew, DM L Goodgame, M A Hitchman and D. Rogers, Proc. Cherm. Soc, London, (1964)
83,
128 A_E. Shwelashwali, M.A. Porai-Kashiis and A.5 Antsishkina, Zh Sirukr Kkim, 6 (1965} 168
129 B.M. Shishedrin, N.WW. Belov, N.P, Jitkov, M.A, Porar-Koshits and A E, Shwelashwily, Dok! Akad
MNauk SESR, 170 (1966) 1312,
130 M.G.B Drew, D.M L. Goodgame, M A. Hitchman and D. Rogers, Chern Commun., {1965) 477.
131 B 1. Hathaway and R.C. Slade, J. Chem Soc. A, (1967) 952,
132 L. El-Sayed and R.O. Ragsdale, Inorg Chem , 6 {1967} 1640.
133 E. Uhlg, H. Bergmann and U. Schneider, Z. Anorg. Allg. Chenw, 354 (1967 130,
134 D.M.L. Goodgame and M.A. Hitchman, Imorg Cheww, 4 (13653} 721.
135 M.A. Hitchmann, D.F, Marsham, P. Phavanantha and D. Rogers, Chemn. Commun., {1969} 1383,
136 D.M.L. Goodgame, M. A. Hitchman and D.F. Marsham, J Chem. Soc. 4, (1971) 259.
137 P. Gallozot, M.V, Mathieu, D, Weigel and B imetik, Bull. Soe Chim. Fr, (1968) 882.
138 L. Power and A. Tawt, frorg. Nuecl. Chem. Lerr., 7 (1971} 337.
139 E. Uhbg, }. Lantos and H. Wolf, Z. Anorg. Aflg. Chermr, 375 (1970) 65.
140 E, Uhlig and E., Unger, Z. Chesm,, 12 (1972) 112,
141 G. Bombieri, E. Forsellini, G. Graziani and E. Tordello, J. Chem Scc A, (1970) 3349,
142 L. Saccond and [. Bertim, fnorg Chem., 7 (1968) 1178,
143 R.E. Christopher, LLR. Gordon and L. M. Venanzs, J Cherm Sar. 4, (1D£8) 108,
144 L. Saccomi and P, Dapporto, J. Amer, Cherm. Soc., 92 (1970} 4133
145 M.M. Da Mota, 1. Rodgers and S.M. Nelson, J Chem. Soc. A4, (1969} 2036.
146 S. Ahrland, Struer. Bondme {Berkn), 1 (1966) 217



264 E. UHLIG

147 L. Saccopiand R, Morassi, J. fnorg Nucl Chem Lerr, 4 (1968) 449, J. Chem Soc. A, {1563) 2904,
148 L. Bertini, P Dapporto, G Fallani and L. Sacconi, ftorg Chem., $0{1971) 1703.

149 M. Di Vaira, J Chem, Soc 4, (1971} 148

150 1,F. Sieckhaus and T. Layloff, fnorg. Chtersr, 6 {1965) 2185

151 E. Uhlig and M, Maaser, Z Arorg Alle Chem., 349 (1967) 300

152 A B.P. Lever, J. Lewss and R.8 Nyholm, J Chem Soe., London, {1963) 2552.



