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It is very important to investigate the solute-solvent interactions \vith 

respect to the properties of solvents, because most solvents are the 

essential species for chemical reactions in solutions. Generally, a metal ion 

of the acid property in solution is strongly solvated by some basic solvent 

molecules and the solvation phenomena well reflect the basicity of the 

solvent. However, simple salts of metal ions of high charges hardly dissolve 

in organic solvents. When the metal ion reacts with some organic ligands to 

form complex salts, it becomes soluble in organic solvents. Therefore, the 

complex ions can be a useful probe to examine the solu te-solvent interaction 

in organic solvents. A complex ion which has the only one coordination site 

is more useful for investigation of the solute-solvent interactions since a 

simple 1: 1 metal-solvent reaction is expected. In this connection, the 

square-planar and macrocyclic tetramine nicl{el complex is just a complex 

ion for this purpose. 

It is well known that 1,4,8, I1-tetramethyl-1, 4,8, 11-tetraazacyclo-

tetradecanenickel( II ) (henceforth [NiL]2+) has two stable isomers, R,S,R,S-

and R,R,S,S-nilrogen configurations, depending on the method of 

synthesis. 1.2) Figure 1 shows the geometries of [NiL]c:+ and lNi( cyclam) ]2+ 

(cyclam = 1,4,8, I1-tetraazacyclotetradecane). There have been a number of 

studies concerning the kinetic and thermodynamic aspects of these 

complexes . In some pure solvents, the thermodynamic parameters 6Ho, 6So, 

and 6 VO were determined by means of the chemical shifts of 1 H NMR and 13C 

NMR of R,R,S,S-lNiL]2+,3-e» for the equilibrium (1) 

R,R,S,S-lNiL]2+ + nS R,R,S,S-[NiL(S)n]2+ (1) 
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where S stands for a solvent and n is 1, 2, 3, .... These works have been 

concent.rated on the aspect of the complex itself but not of the coordinating 

solvent. 

In the present study, attention is directed towards the solvent-solvent 

and solute-solvent interactions, where this square-planar complex is being 

used as a probe. The spectral changes due to d-d transition in the visible 

range are helpful because it is possible to judge visually whether the donor 

solvent IS coordinated to the lNiLJ2+ or not. 

four-coordinated R,S,R,S-[NiLF~+ is a red colored 

The square-planar 

low-spin complex. 

However, if a basic solvent coexists in the solution of R,S,R,S-[NiL]2+, the 

nickel complex ion changes into a green colored, high-spin, 

five-coordinated, square-pyramidal or trigonal- bipyramida1 complex. The 

methylene groups on another axial site hinder an approach of the sixth 

solvent molecule owing to steric crowding. 1) On the other hand, 

R,R,S,S-lNiL]2+ and [Ni(cyclam)J2+ which are of the same square-planar as 

R,S,R,S-[NiL]2+ form a six-coordinated complex by ligation of two donor 

solvents. The perchlorate ion is not coordinated to [NiLJ2+, forms the 

ion-pair with [NiLJ2+ in the outer sphere, and less interacts with the donor 

solvent. Therefore, the perchlorate ion was chosen as a counter ion. 

The basicities of the donor solvents have ever been correlated with 

enthalpies and spectral changes of complexation. The former is enthalpies 

of adduct formation of the solvent with antimony pentachloride in 

1,2-dichloroethane (i.e. the Gutmann's donor number, DN)7) and with boron 

trifluoride in dichloromethane. :3) The latter is the dependence of the 

coordination power value (the relative Gibbs free energy change for 
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solvation of nickel ion, CP) for pure solvent'~) and with the coordination of 

a donor solvent at the sixth site to bis(acetylacetonatgvanadyl (VO(acac) 2 ) 

altering the position of two absorption bands (D I I. 1) for pure solvent. 1 m . 11) 

These correlations give a good linear relationship between the basicities 

and the measured values, although some solvents deviate from it. It is 

considered that the deviation refers to steric factors and self-association 

of the donor solvents. 

The basicities of donor solvents are also characterized from the 

equilibrium constants obtained by the variation of the visible spectra for 

R,S,R,S-lNiLP~+ in various mixed solvents. The equilibrium of R,S,R,S-[NiL]2+ 

with the donor solvent is written in equation (2) 

R,S,R,S-[NiL]2+ + S R, S ,H, S-[NiL( S) ]2+ (2) 

where K1'Jt s is the coordination constant. Table 1 gives the donor solvents 

examined and their ab breviations together with DN. '7) 

The donor solvents in Table 1 can be classified by the coordinating atom 

into two classes: the one is oxygen coordinate (Ac, FA, NMF, DMF, DMA, Dl'1P, 

DMAc, DMBz, DEF, DEA, TMU, DMSO, MeOH, EtOH, H20, TBP, HMPA, NB , NM, and PC) 

and the other is nitrogen coordinate (AN, PN, n-BuN, BzN, and Py). The 

specific interaction of the complex cations with these solvents is 

investigated by spectrometry and conductometry. This will be discussed on 

the basicities, steric hindrance and self-association of the donor solvents. 

Chapter 1 assesses the basicity of' the donor solvents using the 
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Table L Donor sol vents wi th D 

Solvent Abbreviation 

1,2-Dichloroethane 

Nitromethane 

N~trobenzene 

Benzonitrile 

Acetonitrile 

Propylene carbonate 

Propionitrile 

n-Butylonitrile 

Acetone 

Water 

Methanol 

Ethanol 

Tributyl phosphate 

Formamide 

N,N-Dirnethylpropionamide 

N,N-Dimethylformamide 

N,N-Dimethylacetamide 

N,N-Dimethylacrylamide 

Dimethyl sulphoxide 

N,N-Diethylformamide 

Te -tramethyl urea 

N,N-Dimethylbenzamide 

N,N-Diethylacetamide 

Pyridine 

HexameLhylphosphoric triamide 

N-methylformamide 
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(DCE) 

(NM) 

(NB) 

(BzN) 

(AN) 

(PC) 

(PN) 

(n-BuN) 

(Ac) 

(H 2 0) 

(MeOH) 

(EtOH) 

(TBP) 

(FA) 

(DMP) 

(DMF) 

(DMA) 

(DMAc) 

(D~1S0) 

(DEF) 

(TMU) 

(DMBz) 

(DEA) 

(Py) 

(HMPA) 

(NMF) 

DN 

o 
2.7 

4.4 

11 .9 

14 . 1 

15 . 1 

16 .1 

16.6 

17.0 

18.0 

19 

20 

23.7 

24 

24 .0 

26.6 

27.8 

28.9 

29.8 

30.9 

31 

31 .2 

32.2 

33.1 

38.8 

49 



coordination constant (K1'l'[ s ) of the donor solvents to R,S,R,S-[NiL] 2+ in NB. 

Chapters 2, 3, and 4 clarify the origin of deviating from the linear 

relationship between DN and KN is' The difference between solvation by DMF 

and by DMA is described in Chapter 2. The dimerization of DrvISO with the 

Kr'l!s values of various donor solvents is described in Chapter 3. The n-back 

donation of nitriles is described in Chapter 4. 
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Chapter 1 

Axial Coordination to R,S,R,S-[NiL] 2+ of Donor Solvents in Nitrobenzene 
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1. Introduction 

It is well !\nown that [NiLJ2+ has two stable isomers, R,S,R,S and R,R,S,S 

configurations at nitrogen, depending on the method of synthesis, and in 

coordinaling solvents or In the presence of unidentate anions the former 

and 1a tter isomers readily form five- and six-coordinate complexes, 

res pectively. ] - ..... ) This is one of the reasons why there have been a number 

of studies concerning the kinelic and thermodynamic aspects of this 

complex . ..... -] G.l For the R,S,R,S isomer, red, low-spin, square-planar and 

green, high-spin, square-pyramidal species coexist in solution according to 

the Reaction (1) ,,,,here S is a donor solvent and KNL5 is the equilibrium 

constant. Equilibrium of the reaction (1) has been studies in ,,yater, DMF, 

DMSO, and AN by spectrometry4. B- ] 2) and the n.m.r. method . ..... · 1]) In water at 

25°C, ca. 50 % of the complex is square pyramidal. 4) Recently it was 

reported Ie) that ( B and DIVIA solutions of R,S,R,S-[ i~]2+ are red, showing 

that both of those solvents are not coordinated; water dissolved in NB is 

not coordinated to the complex cation, but when dissolved in DMA it is easily 

coord inated to give green solu tions. These phenomena suggest that 

R,S,R,S-[NiLr+ exhibits unique axial interactions with solvents. 

The axial interactions of square-planar complexes have been examined 

with respect to the coordinating and solvating ability of solvents: 

lNi( cyclam) ]2+ , 17. 1 B) C-meso-5,5,7, 12, 12, 14-hexamethyl-1, 4,8, 11-tetraazacyclo

tetradecanenich:el( II ),I B) bis(dimethylglyoximato} cobalt( III), ]';)) and mixed

ligand copper(II) complexes of ethylenediamine and /3 dil;;:etones. 20. 21) The 

complex [Ni( cyclam) ]2+ readily undergoes axial attacl<: of counter ions as well 

as basic solvents. 17. 1 B . 22. '23.> Il was reported lhat the relative stability 
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order of adducts formed by the axial coordination was 

DMF>AN>DMSO>water. 17
) This order was not predicted b y the basicity of the 

solvents and it was suggested that, compared to \ValeI', rod-lih:e AN molecules 

would more effectively enter into the first coordination sphere due to w"eak 

interaction with NH protons on the ligand. Conductance measurements of 

[Ni( cyclam) J(ClO.:.l) 2 in NB24
) indicated exceedingly large ion-pair formation 

constants, suggesting that even the perchlorate ion of much 10\Ver basicity 

formed hydrogen-bonds with the II protons. Thus, the cyclam complex has 

two reactive sites, the central metal and the NH protons. In Lhis connection 

the complex R,S,R,S-[NiL]2+ without NH protons possesses only a single free 

coordination site and so it is interesting to investigate systematically its 

axial in terac tions. 

In this study the ion-pair formation constant of R,S,R,S-[NiL] 2+ \vith the 

perchlorate ion were determined by conductance measurements and are 

discussed in relation to the axial coordination of solvents. The perchlorate 

salt was selected in order to minimize specific anionic interactions with 

solvents and lhe cation. Equilibrium (1) in NB as a non-coordinating diluent 

was also studied for twenty donor solvents, and is discussed in terms of the 

basicilY of solvents and steric factors involving the four methyl groups and 

donor soh'ents. 

2. Experimental 

The salts lNiLj(Cl0 4 )2 with R,S,R,S and R,R , S,S nitrogen configurations 

were prepared by the pu blished methods, 1 . 2 . 2E· . 25) and were recrystallized 

from Ac-diethyl ether mixtures, and water, respectively. Infrared spectra 
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for these salts showed that no NH absorptions are presen t (Found: C, 32.80; 

H, 6.55; N, 10.95%. Calc . for R,S,R,S-LNiLj(CI04 )2: C, 32.70; H, 6.25; N, 11.00%. 

Found for R,R,S,S-LNiL](CI04 )2: C, 32.80; H, 6.50; N, 11.10%). The salt 

R,R,S, S-LNiL(N3 ) JCI0 4 was prepared by adding sodium azide Lo 3n aqueous 

R,S ,R, S-lNiLJ (C10 4 ) 2 solu tion2e.) and recrystallized from J'vleOH-diethyl ether 

mixtures {Found: C, 36.80; H, 7.35; N, 21.70%. Ca lc . for R,S,R,S-l iL(N 3 )]CI0 4 : 

C, 36.85; II, 1.05; N, 21.45%}. 

NB (1' agent grade, Wal\:o Pure Chemical Industries Ltd.) was purified by 

fractional distillation under reduced pressure through a 1. 2-m column, after 

washing with sulphuric acid, sodium carbonate, and distilled water, 

successively. NM, DMF, DMSO, HMPA, DMA, PC, and Py (reagenL grade, Wako) 

were purified by fractional distillation under reduced pressure. AN, Ac, and 

j\1eOH were purified by frac tional distillation. BzN, PN, n-BuN, and DMP 

(reagent grade, Toh:yo Kasei Kogyo Co., Ltd.), and DEF, DEA, DMAc, and DIVIBz 

(Aldrich Chemical Co.) \..,rere used after standing over molecular sieves (type 

4A) for 1 week. The conductances (S cm- I
) of the solvents are 1. 6 X 10-Q 

- 3 

X 10-7 for NB-AN mixtures, 1.6 X 10-';' - 3 X 10- 7 for NB-DI'1A, 4.5 X 10-8 for 

PC, 2.1 X 10-7 for DMSO, 3.7 X 10-7 for DfvIF, 8.3 X 10-8 for Ac, and 6.6 X 

10- 7 for NM. 

The instrumentation and procedure used for the measurements of 

viscosity and conductance were the same as described previously, 27) expect 

that in place of the dilu tion technique a burette allowing a concen trated 

solution of salt to be added Lo the conductance cell was used for 

conductance measurements. 2S
) The relative permittivities (D) of the solvent 

mixtures were measured using a S hibayama model SS-208A dielectric constan t 
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cell shielded with wire netting in a water-bath thermostatte d to 25 ± 0.01 DC. 

Carbon tetrachloride, NB, AN, DeE, and DMA ",'e r e used as r e f e r e nce solvents 

for the calibration of dielectric constant. Th e instrume ntation and the 

procedure used for measurements of spectra and water c ontents were 

describe d previously. 1 5) 

3. Results and Discussion 

The R, S ,R,S, R,R,S ,S , and R,S ,R,R isom rs of LNiLJ 2 have been 

r e porled . 1 -3 . 14. 15) Lincoln et a1. J 5) found that the pu blished method 1 . 2 ) for 

th e pre paration of the R,S ,R,S isomer also gave small amounts of the R,S,R ,R 

isomer but the latter isomerizes to the former with the high-spin species 

being more favoured for the R, S ,R, S isomer . The visible spectra of R,S,R,S 

and R, R,S , S isomers in NB , AN , and DMF at 25°C are sho,,·,rn in Fig. 1. The 

maximum wave length A in nm and the molar absorptivity c in dm 3 mol- 1 

f J) a :-: . rn C>. >c 

cm- 1 in pare nthesis of the R,S ,R,S isomer are 610 (37) and 382 (119) in AN, 660 

(41) and 400 (131) in DMF , and 519 (224) in NB; lit rature values are 610 (39 .6) 

and 386 (128) , ~) and 610 (34) and 390 (118) 2) in AN . The corresponding values 

for the R,R,S ,S isomer are 543 (6 .0) and 349 (14) in A , 503 (21) and 373 (20) in 

D iF , and 498 (92) in NB; literature values in AN are 540 (5 . 9) and 31·0 (14.0). E.) 

The absorption peaks at 519 and 498 nm in NB and 503 nm in DMF are 

assigned t.o the low-spin species and the other peaks to th e high-spin 

species . T h e spectra for both isomers in AN and DMF indicate complete and 

a lmost complete conversion of the low-spin inlo the high-spin species , 

respec t ively, and those in NB indicate no conversion. 1\ blu e shift of the 

absorption peaks occurs for the AN adduct compare d to the DMF adduct. 
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(b) DMF ; (c ) AN . For t h e R, R, S , S isomer: (d) NB ; (e) DMF; (f) AN 
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As lhe c values for the R,R,S,S isomer are much less than those for rr. 0. )0:. 

the R, S, R, S isomer, the spectra are very sensitive to the isomerization of 

the laUer to the former. It was confirmed that within experimental error 

there is no change in spectra of the R,S,R,S isomer in these solvents over 40 

h at 25 °e and there is also no change after hea ting the solu tions for 2 h at 

40 °e . These times and temperatures were the maximum ones within which all 

the measurements were carried ou t after the preparation of the complex 

bolu lions. Further, isosbeslic points at 596 and 585 nm were observed for 

all the oxygen- and nitrogen- donor solvents in NB , except for HMPA for 

which a clear deviation from the isosbestic point was observed above 0.3 mol 

dm - 3
• The above results are compatible with the kinetic results reported by 

Moore et al. 14) Therefore, the conversion of the R,S,R,S into the R,R,S,S 

isomers is negligible under the present experimental conditions . 

3. 1. Ion-pair Formation 

Conductances for the R,S,R,S isomers of lNiL](CI0 4 ) 2 and lNiL(N 3 )JCI0 4 

''''ere measured at seven to ten concentrations ranging from 1 X 10- 4 to 4 X 

10-3 mol dm- :3 in each system. Typical molar conductances measured in NB-AN 

mixtures which are iso-relative permittivity are sho\\' n in Fig. 2 . All the 

solutions of R,S,R, S-LNiL(N3 ) ]CI04 are green, the complex cation being five 

coordinate. 2e:.) The large conductances in AN are due to its low viscosity . 

The cond uctances for the 2: 1 electrolyte R,S,R,S-LNiLJ (CI0 4 )2 were 

analyzed by the extended Jenh:ins-Monl\: method pl'oposed previously, 27) to 

get the first (Ka 1) and second (Ke. 2 ) ion-pair formation constants in the 

reactions (2) and (3) where the 
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K", I 

R, S, R, S-L NiL ]2+ + CI0 4 - R,S,R,S-LNiL]CI0 4 + (2) 

R, S ,R, S-[ NiL] (Cl0 4 )2 (3) 

perchlol'ale ion outside the square bracket refers to an ion-pair formed by 

long-range elec trostatic forces. I\.s shov.rn in Fig. 1, the B solution of the 

perchlorate salt is red, showing that there is no covalent bond between the 

nickel and the perchlorate ion. Values of K02 are less reliable than those 

of K .Oll because of the assumptions involved in the method. Therefore, 

conductances for R,S,R,S-[NiL(N3 ) ]CIO."., the cation of which is regarded as 

approximately as R,S,R,S-[NiLJClO4,+, \-Iere measured. The limiting molar 

conductance of the perchlorate ion, AD (CIO.". - ), was estimated using the 

Fuoss-Coplan split, 2Q) AD L (i-Pent)3BuNBPh4J/2 - AD [(i-Pent) 3 BuN+], \-Ihere 

(i-Pent) 3BuNBPh4, stands for butyltriisopentylammonium tetraphenylborate. 

The conductance data for 1: 1 electrolytes was analyzed uy the fuoss-Hsia 

conductance equation. 3D) Results are given for pure solvents in Table 1 and 

[or NB-AN and NB-DMA mixtures in Table 2 together \'I'iLh the solvent 

parameters used. The extended Jenkins-MonI\: method gives I\..~ 1 and K02 values 

at eac h concentration and so the errors in Ko I and K 02 given in Tables 1 and 

2 are ascribed to the standard deviations of the I\ B I and K!l 2 values, 

respectively. Although conductances for R,S,R,S-LNiL](CI04 )2 in Py were 

111 easured in the concentration range 1.4 X 10- 4 
- 4.2 X 10-:3 mol dm - 3 , they 
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could not be reasonably analyzed by any method. 

The five solvents, i. e. DMA, DfvIF, NM, AN, and NB, have nearly the same 

relative permittivity although different basicities. When the distance of 

closest approach between the nickel ion and the perchlorate ion is 0.5 nm, 

the Bjerrum equation of electrostatic association31
) predicts KE\ 1 = 20 and 

Ka 2 = 0 for PC, 80 and 2 for DfVISO, 200 and 8 for DMF, 250 and 10 for AN, 300 

and 12 for NB, and 8400 and 130 dm 3 11101- 1 for Ac. The results obtained show 

that the complex forms ion pairs more readily in NB and less so in DMA and 

DMF than expected from electrostatic theory. Since Fe:\. 1 and K~2 for 

[Ni(cyclam) ](Cl0 4 )2 in NB are 11000 and 620 dm 3 mol-I, respectively, 24) the 

marked decrease in ion-pair formation constants for the present complex 

upon substitution of its methyl groups by protons provides evidence for 

hydrogen-bonding interactions of the perchlorate ion. 

In the iso-relative permittivity systems in Table 2 it is seen that Ka 1 

decreases \v'ith increasing' fraction of the basic solvents, AN and DMA. As 

shown in Fig. 1, since AN is bonded to the nickel on the same side as the four 

methyl groups, the decrease in Ke 1 indicates that the site of ion pairing is 

mainly the axial pocl{et in the second coordination sphere surrounded by the 

four nitrogen substituents, and the axially associated perchlorate ions are 

easily displaced by basic molecules because the perchlorate ion is attracted 

mainly by electrostatic forces . 

On the other hand, it is interesting that although DfvlA is more weakly 

coordinated in NB compared to AN as will be shown lat , 1', DJVIA has the same 

effect on ion-pair formation as AN; also DMA molecules in neat DMA are 

hal'd1y bonded to the nickel but result in complete dissociation of the 
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perchlorate ion. Since this cannot be explained by electrosLatic theory 

based on l'elative permittivity, it seems that solvation of the axial pocket 

by DMA without coordination plays an important role. A similar effect is 

observed for R,S,R,S-[NiL(N 3 ) JCl0 4 for \-vhich IC~ slightly decreases with 

increasing AN and DMA contents. This means that the main site of ion pairing 

for Ko or Ke 2 is the other axial site opposite to Lhe N3 group; allhough boLh 

the perchlorate ion and donor solvents cannot be bonded to the nickel due 

to ~teric hindrance by the folded alkyl backbone of the ligand, the 

perchlorate ion ""hich is wealdy ion-pared in the second coordination sphere 

is easily displaced by solvating donor solvents. However, such as solvation 

is too weak to be reflected in the S tokes radii. 

3. 2. Coordination of Donor Solvents 

Properties required for the diluents are to be able to dissolve the 

complex salt sufficiently so as to permit spectrometric measurement of the 

chromophore , not to coordinate to the nickel, and to interact as little as 

possible with donor solvents added. Therefore, dipolar aprotic solvents, 

i. e . ND, Nl\I, and PC, were examined as diluents. NB (DN3 2
) = 1.4) and Nl"I (DN = 

2.7) are of lo\v basicity and do not coordinate, although in NB the complex 

forms ion pairs; PC is not coordinated in spite of its higher basicity (DN = 

15.1) and the complex does not form ion pairs in this solvenL. 

Typical variations of the visible spectra of R,S,R,S-[NiL](CI0 4 )2 in NB 

with DMF content are shown in Fig. 3. The amount of th five-coordinate 

species Increases as the DMF content increases. The absorbance at 519 nm 

can be Lal{en as a measure of the ability of donor solvents to bond Lo the 
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nickel( II). 

The equilibrium constant (Kr-liS ) for coordination of donor solvents was 

evaluated using equation (4 ) 33) where Co is the 

(4 ) 

molal' absorptivity at 519 nm in NB (224 ± 1 dm 3 mol- J cm- 1
), C is the 

appcu'ent molar absorptivity, and C s is the molar absorptivity of the 

five-coordinate species . In this calculation the concentration of S bonded 

to the cation is negligible compared with that of un bonded S since the metal 

chelate concentration used for the measurements was 1 X 10- 3 mol dm-:3 • As 

reporled previously, J 5) the peal\: absor bance is very sensitive to small 

amoun tb of water in the solu tions , although depending on the basicity of 

coexisting dOllor solvents . Therefore , the absorbances extrapolated to zero 

water concen Ll'ation were used for the Kr.,fi S calculation . 

The KN i s values for AN, DMF , and DMSO obtained in the three diluents 

are given in Table 3. The larg'est values were obtained in NB for all the 

three donor solvents , although ca. 50 % of the complex formb ion pairs with 

the perchlorate Ion at 1 X 10-2 : mol dm-3 • Thus, the ion pairing with the 

pe r ch lorate ion of low basicity has few effects on equilibrium (1) . The 

lower I(l'Ji s values for NJVl and PC may be attributed Lo their higher acidities 

(NM, acceptor llumber,34) AcN = 20 . 5; PC, Ac = 18.3) , while for NB AcN = 14 .8. 

T h erefore , ND was selected as diluent throughou t the coordination stud y . 

The effects of donor solvents on absorbances were examined at the 

concentrations 0 . "], 0.15 , 0.3, and 1 mol dm - 3
, except fOl' 0 . 003 , 0.009 , 0 . 01 , 
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Table 3. Coordination constants E N i S [equation (4)] 

in NB, NM, and PC at 25°C 

Donor solvent 

AN 

DMF 

DMSO 

NB 

3.1 ± 0.2 

6.3 ± 0.6 

4.4 ± 0.2 

-31-

Nt-I 

1.2±0.1 

1.4 ± 0.2 

1.0±O.1 

PC 

1.1 ± 0.2 

1.7±0.1 

1.0 ± 0.2 



and 0.03 mol dm- 3 for Hl"IPA. Fig. 4 shows the variation of C at 519 nm " rith 

the concentration of S, together ,-lith the molar absorptivity in neat 

solven t~. It should be noted that the decreasing effec t of DMA, DMP, and 

DEA 011 C is les~ than that of the homologous amides DMF and DEF, and the 

C values in the neat ~olvent remain almost unchanged, compared with Co, 

showing that DMA, DMP, <lnd DEA are hardly coordinated. 

These absorbance data were plotted according to equation (4) (Fig. 5). 

III all cases good linear t'elationships were obtained: all the coefficiellts of 

correlation are larger than 0.997, except for ca. 0.988 for DIVIA and DEA. 

Two poin ts for DMA are not plotted because they are off scale. In some 

cases negative C s va lu es were obtained from the intercept, e . g. -lob for DEF 

and -55 dm 3 11101- 1 cm- 1 for BzN. Thus, this equation is very sensitive to the 

data uncertainty and assumptions. 35
• :36) Therefore, KNi .5 values \"ere also 

evaluaLed by equation (5) with a constant value of C.5 = 10 dm 2
; mol- 1 cm- 1 

obtained in neat DEF. In the case of 5trongly basic HMPA, equation (4) gave 

a negative intercept and equation (5) increasing KI~iS with 

(5) 

increasing concentration of HMPA. In Table 4 the KN i S values obtained in 

these Lwo ways are listed in increasing order of solvent donor number. Each 

meLhod ,gave ne<lrly the same values. The donor numbers of DMP, DMAc, and 

D]\1B~ Here estimated from a relationship bel\"een the 1 H chemical shift of 

1'1eOH In various donor solvents Hith the DN values of the solven tS. 37
) 

The equilibrium constants show three mc.llD trends: (a) there is no 
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Tabl e 4 Molar absorptivity 

coordination constants of 

R, S ,R, S - L NiL] 2 + in NB at 25 °c 

Solvellt 

NM 

NB 

BzN 

AN 

PC 

PN 

n-BuN 

Ac 

H 2 0 

MeOH 

TBP 

DMP 

DMF 

DMA 

Dr-rAe 

DMSO 

DEF 

DMBz 

DEA 

Py 

HfvlPA 

DN° ) 

2.4 

4 .4 

-11.9 

11.1 

15 . 1 

16 . 1 

16.6 

17.0 

18 

19.0 

23.7 

2 ·1 . 0 

26.6 

27.8 

28.9 

29.8 

30.9 

3 J .2 

32.2 

33.1 

38.8 

/ dm 3 mol- 1 cm- 1 

181 

224 

54 

202 

192 

75 

184 

205 

16 

198 

210 

56 

201 

184 

5 e) 

En.ax) 

various 

in pUl'e sol vents and 

donor solvents with 

/ dm 3 mol - J 

o 
o 

O.4±O.1 

3.1±0.1 

o 
3.L±O.1 

1.9±O.1 

o 
o 
o 

0.7±O.1 

0.2±O.1 

5.4 ± 0.6 

0.2±0.J 

0.1±0.1 

3.8 ± 0.2 

4.4 ± 0.6 

1.3±O.3 

0.3 ± 0.2 

o 
13-53 

/ dm 3 mol - 1 

0.3±0.1 

3.4 ± 0.2 

2.8 ± 0.3 

2.0±0.1 

1.1 ± 0.2 

0.1 ± 0.1 

6.3 ± 0.6 

0.4 ± 0.6 

4.4 ± 0.2 

4.0 ± 0.4 

0.9 ± 0.4 

0.3 ± 0.6 

a) DN from ref. 32, except for DMP, DMAc, and DMI3z of "'hich DN 

Has determined from a correlation of the l H chemical shift of 

MeOH '-lith ON. b) Assigned to four-coordinat species. c) 

From equation (5). (d) From equation (4). e) No peal\: 

four-coordinate species is found and so th e valu e s are at 519 

nm. 
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correlation of KNiS with DN of the solvents; (b) oxygen-donor solvents for 

,.vhich DN is less than LO are not coordinated; (c) the nitrogen atom of 

nitriles tends to be coordinated in spite of their lower DN. 

Trend (a) arises partly from sterie factors involvin,t; the four N-methyl 

groups . The coordinated axial site of R, S ,R,S-lNiLJ 2 is surrounded by the 

four methyl groups and the axial ligation is sterically hindered to some 

extent. This is clearly illustrated by the fact that highly basic Py is not 

coordinated at all and the KNl S values for DMA and DEA are much less than 

those for DMF and DEF . However, it seems that the steric hindrance is not 

the only reason for trend (a) since the Df\1A and DEA molecules are slightly 

coordinated In their dilu te solutions In NB and DMP with the ethyl 

substituent is also coordinated to a similar extent. It should be noted that 

neat DMA, DMP, and DEA are hardly coordinated as evidenced by Lheir large 

molar absorptivity (Table 4) . 

A similar trend is also seen for Dl\1S0: it is easily bonded to the nickel 

In NB btl t not always so in neat DMSO , in view of the fact that neat DMSO 

gives a higher C mo>-:, of 56 dm:3 mol- 1 cm- 1
, which means that ca. 20 % of the 

complex exists as the square-planar cation . A tentative explanation for 

these observations is that self-interactions of the donor solven ts In the 

neat salven t are critical and lead to a decrease in the activity of the 

solvent molecu le . Further studies of this are now being underlaken. 

The non-coordination of water in trend (b) is not due to steric hindrance 

because waLeI' molecules hydrogen-bonded to DMA 1 t~) are coordinated with an 

equiliorium constanL of 6.7, and the ",Tater dimel's3E:) in .. M, PC, and Ac are 

coordinated \-\Tith equilibrium constants of 1.0, 1.8 , and 5. 0 , respectively. 
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The fact that the basicity of the oxygen atom of water increases with the DN 

of the bulk solvents, NM<PC<Ac<DMA, was reasonably explained by 

polarization of O-H bonds through hydrogen-bonding. Popov and 

co-workers2 :
g

) suggested a DN of 33 for water, rather than 18 from a 

correlation of .23Na chemical shifts with DN for pure solve nts; Mayer and 

Gutmann 4
0) introduced the concept of 'bulk donicity' to characterize the 

higber donicity of liquid water resulting from hydrogen-bonding. MeOH 

hydrogen-bonded to DMA was found not to be coordinated . It is lil\:ely that 

the coordination of the oxygen atom attached to the methyl group is 

sterical1y hindered. 

It has been pointed out that AN is a much stronger Lewis base than \.;ater 

toward nickel( II) tetramine complexes. 41) The rod-lil\:e shape of the nitrile 

group is favorable for coordination 4
• 41) and this may be responsible partly 

for trend (c), that is, large KNfS values for the homologous solvents in 

spite of their relatively smaller DN. 

For lNi( cyclam ) ](Cl04 ) 2 with NH protons, the relative stability order for 

adduct formation was found to be DMF)AN)DMSO)water in each neat 

solvent, 17) unlil\:e the correlation expected from the DN concept. The 

unexpected stronger ligation ability of AN was suggested to be due to its 

relatively weak base character toward interaction ""ith the NH protons, In 

addition to its rod geometry. 17) In the present system without NH protons, 

however, a similar lrend was obtained, and therefore another factor must be 

involved. The specific influence of nitriles appears to be related to the TC 

back donation. 

Lever et a1. 42) analyzed the diffuse reflectance spectra of 

-37-



six-coordinate nickel( II) complexes of microsymmetry NiN2 X2 (N = amine or AN, 

X = Cl or Br) and reported that AN had the greatest ratio of the effective 

crystal-field splitting energy, lODq'(bromide)/lODq'(chloride), which was 

correlated with the relative degree of back donation from metal to amines 

such as Py and ammonia. They concluded that AN was a good n acceptor. A n

acceptor nature of the C=.N bond of AN has also been suggested from the 

wealcening observed for the C-H bonds and the slight increase in C:=N 

frequency upon coordination of A to copper( I) halides, 43) and a greater 

stabilization of the AN solvate of bisl2,2'-furil dioximato( 1-)Jnickel(II).44) 

The possi ble n-back donation would explain the stronger ligation of AN in 

the presen t system. 

Further, X-ray studies on R, S , R, S - [ NiL ( AN) J ( C 1 0 4 ) 2: 
4 

!S) and 

indicated that although the average 

Ni-N(ring) bond length (2] 4.3 pm) for the AN adduct is larger Lhan that 

(210.5 pm) for the Dr-iF adduct, the displacement (34 pm) of the nickel aLom 

from th N4 plane in the former is still larger than that (29 pm) in the 

latter. 

chelate 

The average Ni-N(ring') bond lengLh for the unsolvated planar 

1S 196.0 pm for R,S,R,S-I NiL] (CI0 4 ) 24(~.) and 198.2 pm for 

Thus, it seems that the greater 

deformation for the AN adduct on going from the four- La five-coordinate 

species, compared to the DMF adduct, is consistent with the n bonding 

con tribu tion to the Ni-AN bond. 

The enthalpy and entropy changes 1'01' equilibrium (1) for AN and DMF in 

NB and NM were obtained using the temperature dependence of Kl'l is corrected 

for chan .ges in solution volume with Lemperature (Fig. 6). The values are 
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given in Table 5. The negative 6. HO and 6. So values for both AN and DMF in 

NB are larger than those in Nl'1. Since the solvation of the solutes by the 

diluent gives an endothermic contribution to the enthalpy change for 

coordination of donor solvents, the present data indicate that the 

interaction of the donor solvent and the complex \vith NB is \veaker than that 

wi th NM, leading to the stronger coordination in NB. The larger ion-pair 

formation constant in NB (Table ~) is also consistent \vith this view; it is 

likely that Lhe weaker solvating ability of NB is due to the weal~ acidity of 

NB (AcN = 14 . 8), compared to NM (AcN = ~O.5). Therefore, the enthalpy and 

entropy changes for the nickel-donor solvent bOfJd become more marked in NB 

Lhan in NM. The larger negative 6.Ho and 6.So values for AN, compared to 

DMF, in NB may indicate that the stronger ligation of nitriles in spite of 

their weaker basicity can be attributed 

contributions clue to 7[- bonding . 
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Table 5. Thermodynamic quantities for formation of the 

five-coordinate chelate in NB and NM at 25 DC 

DOllor 6. HO 6. SCI Conditions 

so lvent / kJ mol - 1 / J Ii - 1 mol - 1 

AN -16.4 ± 0.8 -45 ± 3 [AN] = 0.378 mol 

in NB 

-8.8 ± 0.3 -28 ± 1 [AN] = 0.759 mol 

in NM 

-lG.8 ± 0.8° ) -32 ± 2 /3.) In neat AN and 

AN-NM ( 1 : 1 ) 

DJ'vlF -12.8 ± 0.4 -29 ± 2 [DMF] = o .131 mol 

in NB 

-10.2 ± 0.1 -28 ± 1 lDMF] = 0.519 mol 

in NM 

-12.8 ± 2 . 7 b:> -24.1 ± 9.0 In n eat DMF 

a) Ref. 9. b) Ref. 11. 
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1. Introduction 

In Chapter 1, it wat:> found that although DMF, DEF, FA, and NMF were 

coordinated to H,S,R,S-[NiLJ 2 + , DMA, D1VIP, Dl'1Ac , DMBz, and DBA were not 

coordinated to the square complex, in spite of Lhese solvents having 

nearly the same basicity. This was explained by steric hindrance between 

-CO-Me of the DMA, and four -N-fvle and methylene groups of L. This led 

us to inquire as to whether solvation effects of llon-coordinating D1'1A 

molecules on ionic association of H,S,R,S-l iLJ 2+ is different from that of 

coordinating D IF. DCE of a low relative permitLivity (10.36) and NB which 

has nearly the same relative permittivity (34.82) as the amidet:> were used 

as diluents. The ionic association between R,S ,H,S-[ NiLr· ... and the 

perchlorate ion is discussed from the vewpoint of steric hindrance and 

ion-dipole interactions. 

2. Experimental 

NB, DMF, and DMA were purified as described in Chapter 1. DCE 

(reagent grade, Wako Pure Chemical Industries Ltd.) was purified by 

fractional distillation under reduced pressure through a 1. 2-m column 

and left into molecular sieves 4A for a week. 

R, S ,R, S-[NiLJ (CI04 )2 ' R, S ,R, S-lNiL(N:3 ) ]Cl0 4 , (i-Pentb:BuNBPh 4 , and 

(i-Pent)3BuNCl0 4 were prepared by the published method. J -3:' The purities 

of all the complexes were confirmed by the elemental analysis. 

The instrumentation and the procedure used for measuremenLs of 

cond uc tances, viscosities, relative permittivities, and t:> pec tra were 

described in Chapter 1. The relative permittivi ties (D), viscosities (17), 
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and densities (d) of the solvent mixtures use d for anal y s e s ",e re given in 

Tables 1 to 3. The specific conductances (S cm- 1 
) of th e salven ls are 2.2 

X 10-8 - 2.9 X 10-7 for NB-DMA mixtures, 2.1 X 10- E
; - 3.4 X 10- 7 for NB-DMF, 

1.8 X 10-7 
- 9.3 X 10- 7 for DCE-DMA, 2.0 X 10- 7 

- 9.2 X 10- 7 for DCE-DMF, and 

1. 2 X 10-7 
- 4.0 X 10-7 for DMF-DMA. All solu tions were prepared by 

weight. Densities were measured by using an Anton Panr model DMA 02D 

digital density meter at 25 ± 0.002°C. 

3. Results and Discussion 

Conductances for R,S,R,S-[NiLj(Cl0 4 ) 2 and R,S,R,S-lNiL(N3 )JCI0 4 ",ere 

measured at seven to ten concentrations ranging from 1 X 10- 4 to 4 X 10- 3 

mol dm-3 in each system. Typical molar conductances measured in the 

DMJ\-NB system which of nearly the same relative permittiviLy are shown 

in Fig. 1. To analyze conductance data for the 2-1 type of electrolyte 

the limiting molar conductance for Cl0 4 - must be evaluaLed. In this work, 

(i-PenL) 3BuNBPh 4 "'as used as a reference electrolyte (i. e. assuming Ao 

[(i-Pent) 3BuN+] = Ao(BPh 4 - )]. 3) The conducLances for (i-Pent)::? BuNBPh4 and 

(i-PenL) 3DuNClO;1 in each mixture were measured aL 25°C and analyzed by 

the Fuoss-Hsia conductance equation for symmetrical electrolytes in the 

form (] ) 4 0 E·) 

A = A 0 - S(cy ) 1./2 + ECy 10gC Y + JCy + J 2 (Cy ) 3,/ 2 - IC:; Cy f~' (1) 

for associated electrolytes, where the coefficients S, E, J, and J 2 have 

the usual meaning 6
) and the relative permitLivity and viscosity of 
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Ti:lbl e 1. Sol yen L proper Lies of mj xed so J yen ts of UMA and DMF wi th DCE a L 2-.~oc 

----------

X n~l{\ D 7/ d X O~'F I) 71 d 
lep Ig cm- :I Icn If', cm<! 

---------

O.O()() 1 (). :~6 0.787 1.24;-)H 0.000 10. ~~f) O.7'c{7 1.245B 
().2?J3 1'7 . ~~ n.H;-)H .1.1042 
O.;~oH 22.0 0.900 l.ltR4 
(L ~:) l Z). '7 0.914 T.09(51 O. 44~~ 24.4 0.854 1.1122 
(). f)26 Z7. () ().~rr2 1.0f)Qf) 0.576 2t~. ~{ O.H5B 1.0722 
(). f1:-{O 29.J ().9~~ "t.08HO 
().72}{ ~)2. f) (L 949 I. O()m~ (l. 7,~9 :)2.6 O.g4;-) -1.0170 
I . ()O() :n. '18 ("919 O. 9~iGf) t.OOO ~~o. 71 0.H02 O. 9~3~j 

_._-_. _. ---- -. - - - _____ ___ •• - __ 0 ______ --- ___ ._ 

. ------ -- - ---

Ti-lb1t~ 2. Solvent proP(~rtip"'') of fOlxed solvents of DMA and DMF wi th NB at 2Soc 

X nt-I{\ n 71 d X Ol-IF IJ 71 d 

lep If{ cm-:! lep If', cm- :! 

0.000 :)4. H2 1. H4L5 1. 19H6 0.000 34.H2 1. B415 1.19B6 
0.1;)9 ;j5.7 1.722 1.1651 0.158 35.5 1.675 1. ]669 
O. ~i19 ;)0.2 1.562 1.120f) O.3GO :i6.0 1.462 1.1231 
().58(-) 36.7 1. ;-n2 1. 0516 0.627 ;~G. 8 1.175 1.0567 
(). g()~) TI.:i 'I. m~:i 0.9900 O. Kfl 37.1 O. 95~j 0.9968 
(L 92(j :)7.7 0.99:) 0.9574 0.938 37 .1 0.908 0.9044 
I. non :n.7H (). ~11 ~ (). ~~:)66 J .000 36.71 0.H02 0.94:i:1 

-------

Table 3. Sol Yen L<:; propert i e,s of mixed 

so J ven Ls 0 r I)MA wi Lh [)Mil i1 L 25°c 

X UHF D 71 d 

lep If', cm- :~ 

--------_ .- ------------

0.000 :rl.7H 0.919 D. 9:~65 
O. :-~;t() ~~o. () O. H~~) O. q:iH7 
O. ~>44 :)6. f) O.B64 0.940;) 
0.735 ;if>. (-) 0.88H 0.9418 
(). H7:~ :io. f) O.Bl7 0.9428 
0.955 :i6.6 0.807 O. 94;~5 
J .000 ;i6.71 0.802 O. 94:i~ 
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solvents \vere used Lo calculate these c oefficients. The s y mbol y is the 

fraction of solute present as unpaired ions, A D and A are the limiting 

molar conductance and molar conductance, r e spe ctively, and f is the mean 

ionic activity coefficient on the molarity scale which \"'8S e valuated from 

molality by using the density of solutions. Th e equation is the form (2) 

A = A 0 - SC 1/2 + EClogC + JC + J2C:;·/2 (2 ) 

in the cases where association is negligible. For most of the systems the 

analyses yielded plots of (J against ion distance parame ter a with double 

minimum where is the standard deviation of the individual N points 

calculated using the expression (3) 

(J - [L (A ob s - A o e>l c )2 /(N - 3)] 1 /"2 (3) 

Tables 1 to G give compilation of the values of AD, KCl1 , and (J 

corresponding Lo the minimum at larger a values: AD and (J are almost 

the same as those corresponding to the minimum at smaller a values, but 

K~ is a little larger. 

Cond uC'tances for R, S ,R, S-LNiLJ (Cl04 )2 were analyzed using the 

Fuoss-Edelson Lechnique for unsymmeLrical elecLrolYLes. 7) This method 

consists of evaluating A D and the first association constanL K a I for 2-1 

electrolyte~ with some approximations, such as A. D(.1X+) = 0.5 A. o ( 1/2M2+) 

and the second association constant KO :2 = O. Typical Fuoss-Edelson plots 

*' of A againsL X for DMi\-NB solution are shown in Fig. 2, vlhere 
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Fig. 2. Fuoss-Edelson plots for R,S,R,S-[NiLJ(Cl0 4 )2 in DMA-NB mixtures 
at 25°C. DMA fraction: a, 0.00; b, 0.14; c,0.32; d, 0.59; e, 0.81; f, 0.93; g, 
1.00. 
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A~ - A F, X - C' A:t:. (A~ - Ac/2), C' = 2 C 1', and .1\"" - 1\ 0 - (K D. I / Ao ) X ( 4 ) 

The fu nc tioll F is given as 

where S2: I is the Onsager conductance coefficient for a 2-1 electrolyte 

and I is the lonic strength. Good lineal' relations for the plots were 

obtained. The first association constant ICel I is obtained from the 

negaLive pl'oducL of the slope and inte rcep L of the curve. The results 

obtained for DNA-DCE, DMF-DCE, DMA-NB, DMF-NB and DMA-DMF binary 

mixture systems are given in Tables 4 to 6. The extended Jenkins-Nonk 

methodS) was also used to evaluate the second association constants KI:\2 

and it \.;as found that in most cases the ED.2 values are negligibly small so 

that neglecting Eel2 is not serious for evaluatin .~ Ke. I . For example, in 

NR, where the salts used are most associative, the extended Jenkins-Monlc 

method gave Lhe values of E o!'> 1 = 1190 and Koc = 12 and the analysis of 

conductances on neglecting the Ko.2 value gave the value of Kell = 1200. 

The visible spectra of R,S,R,S-LNiLJ 2 + in NB, DMF, and D1'1A are shown 

In Fig. 3. The absorption peaks at 519 nm in DMA and NB , and 503 nm in 

DJ'vIF are assigned La the square species and those at 660 and 400 nm in 

DMF are assigned to the square pyramidal species. There is no change in 

spectra of R,S,R,S-[NiL]2+ in those solvents over 40 h at 25°C. Therefore, 

the isomf'rizaLion of R,S,R,S-L iLJ2+ can be neglected. These spectra 
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Fig. 3. Visible absorption spectra for R, S, R, S-[NiLJ (Cl0 4 ) 2 (1.0 X 10- 3 mol 
dm- 3 ) in (a) NB, (b) DMA and (c) DMF at 25 DC. 
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clearly show that NB and DfvIA are not coordinated to the R,S,R,S-[NiL]2+ 

cation but DIV[F is done. DCE of a very low basicity is not coordinated. 

Thus, there is a clear difference in coordination behavior between 

DIVIA and DfvIF, but the Ko 1 values obtained for DMA are almost the same as 

those for DIVIF In all the mixed solvents. In the relative 

permittivity-changing media (DMF- and DMA-DCE) the logarithms of Ko 1 

Here plotted against the reciprocal of relative permittivity in Fig. 4. 

Solid and broken lines show the association constants for the 1-1 and 2-1 

types of salts, respectively, calculated by the Bjerrum association 

theoryQ) with various ionic size parameters. When the ionic radius of 

CI0 4 - is 0.236 nm, the Ni- CI0 4 - distance is more than 0.31 nm. The salts of 

(i-Pent)3BuN+ alld R,S,R,S-[NiL(N3 )]+ give the K6 values expected from the 

electrostatic theory. However, the K3 1 values for R,S,R,S-[NiL]2+ are 

much less than those expected from the Bjerrum calculation with a range 

of 0.3 to 1. 0 nm of a parameter \\Thich are reasonable for 

R,S,R,S-[NiLJ 2 -ClO L.) - association. On the contrary , NB gives a much 

greater Ko 1 value which corresponds to an ionic distance parameter of 

0.32 nm fat' the Bjerrum equation. It is interesting that when DMF and 

DMA are added to NB, the Ket 1 value decreases with increasing fraction of 

DMF and DMA in spite of nearly the same relative permittivity of the mixed 

solvents. This means that since DMF is bonded to the nickel on the same 

side as the four methyl groups, the site of ion pairin .t;;' is mainly the axial 

poclcet in the second coordination sphere surrounded by the four 

nitrogen su bstituents, and the axially associated perchlorate ions are 

easi ly displaced by the basic solvent. Furthermore, a similar 
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K~] -decreasing effect of non-coordinating DIVIA indicates that the 

perchlorate ion associated is easily displaced by D 1A through ion-dipole 

interactions between R,S,R,S-[NiLj2+ and DMA. The lat'ge Ke> I values in B 

suggests that the c.:ontact ion pair is possibly formed, considering that 

the Ke 1 value of the octahedral complex, [Fe(phen)3J(CI04 )2 (phen = 

1, 10-phenallthroline), of the same 2-1 electrolyte as R,S,R,S-[NiL](ClO.cj)2 

is only 39 dm3 mol- 1 in NB,I--,) although the dipole moment of NB (J.1. = 4.2 

Debye) is larger than that of DMF (J.1. = 3.86) and DI'IA (J.1. = 3.81). This 

results from a weaJ\:er ion-dipole interaction becautJe of the delocalized 

negative pole on the oxygen atoms and steric hindrance of nitro group 

for ND, leading to more degree of ionic association . AlLhough the 

ion-pair formation constants between R,S,H,S-[NiL]2+ and the perchlorate 

ion in NB 1S larger than in DMA, the absorbance of R,S,R,S-[ iL]2+ at 520 

nm in B is larger than that in DIVIA. This means the au ter-sphere 

interaction of the perchlorate ion \"ith R,S,R,S-[NiLj2+. The localized 

negative pole on the oxygen atom of DMJ\ 1 0 .1 I ) can be so close to the 

central nicl\:el I hat the contact ion-pair Cannot be formed. 

The Ie, ] vnlues of R,S,R,S-[NiLr'+ in DMF-DMA mixtures are a liLtle less 

than the I\", values of R,S,R,S-LNiL(N3 )J+, showing that the double charge 

for R,S,R,S-lNiLJ 2 + interacts more strongly with the D~IA dipole than with 

the perchlorate ion, compared with the case 1'01' R,S,R,S-LNiL(N3 )J+. 

Table 7 shows the Stokes radii r~3 for ClO~l. - ' R,S,R,S-l iLj2+, and 

R,S,H,S-LNiL(N 3 )J+ iOllS in all the media used, \"he1'e 

1'::; - 0.82 I z I / A 017 (6 ) 
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and z is the charge of ions. The 1'8 values in each medium are almost 

constant except for the DeE systems of Cl. lower relative permittivity, 

and the 1' 8 values of R, S,R,S-LNiL] 2+ are largeL' than those of 

R,S,R,S-lNiL(N ::::J] + in all the mixed solvents. 

strong solvation by DMA as well as DMF. 

This is compatible with 

In conclusion, the main site of ion pairing for R,S,R,S-[NiL] 2+ is the 

axial pocket surrounded by the four N-methyl groups. DMA 

preferentially solvates the axial pocket by an ion-dipole interaction 

without a chemical bond beLween the central nickel and the oxygen atom 

of DMA, although DMF solvates by the chemical bond. The 

solvent-separated ion pair is formed in both DIVIA and DMF, but the 

contac t ion pair is formed in NB . 
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Chapter 3 

Dimerization of Dimethyl Sulphoxide in Various Polar Solvents 
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1. Introduction 

Ii is well known that DMSO is a highly associated liquid. Evidence has 

been obtained from a variety of experimental information. 1 -7) 

Measurements of the chemical shift of 2:3Na in D]\ISO-Py mixtures gave the 

iso-solvation point at the 0.1 D1'1S0 mole feaction, indicating a strong 

prefeeence of Na+ for DMSO molecules. B ) This \-vas explained by breaking 

up the polymeric struc ture of DMSO by the relatively u nstructu red polar 

liquid Py, leading to enhancement of the solvating ability comparing with 

pure DMSO . Thus, the effects of self-associalion of DMSO on 

solu te-solvent interactions have been often obseeved in mixed solvent 

systems. lIo\,,1ever, only a few reports for estimation of lhe degree of 

self-association by an i. r. technique,3. Q) ha\-e been presented. This is 

partly because the dipole-dipole interaction between DMSO molecules is 

difficult to be characterized and to be treated quantitatively. 

In Chapter 1, the coordination of about twenty donor solvents lo the 

planar R,S,R,S-lNiL]2+ cation in NB as a diluent has been examined 

spectrophotometrically and it was found that although In DMF the planar 

chelate IS almost changed into a five coordinate, sq uaee pyramidal 

species, in DMSO ca. 20% of the chelate exists as the square-planar 

calion , in spite of larger DN! 1) of DMSO (29.8) compared with that of DMF 

(26.6). But this suggests a self-as'sociation of DMSO. 

In this wor k, the axial coordination of DMSO to the planar chelate 

cation was studied in DMSO-NB, -PC, -DMA and -Py mixtures where the 

foul' djluents are not coordinated to the calion because of the lower 

basicity for ND and PC, and of steric hindrance for Py and DMA in spite of 

-61}-



their higher basicity. The self-association constant of DMSO was 

evaluated from dependence of the apparent coordination constant on the 

DMSO concen trahon. 

2. Experimental 

NB, DMSO, DMF, Py, PC, DMA, and AN \,yere purified as described in 

Chapter 1. BzN (reagent grade, Wako Pure Chemical Industries Ltd.) was 

purified by twice fractional distillation under reduced pressure through 

Ct 1. 2-m column. 

The R,S,R,S-isomer of [NiLJ(Cl04 )2 was prepared by the published 

meLhod. 1 
1. J 2) I.r. spectra for this salts showed that no NII absorption was 

present. Elemental analysis \,yas as fo11o\vs; found C, 32.62; H, 6.40; N, 

10.84%, calculated C, 32.71; H, 6.27; N, 10.90%. The instrumentation and 

the procedure used for rneasurement of spectra and water contents were 

described in Chapter 1-

VO(acac)2 was prepared by the pu blished method. 13) Elemental analysis 

was as follows; found C, 45 . 57; H, 5 . 59 % , calculated C, 45.30; H, 5.32 %. 

Optically active tri1::l( 1,10-phenanthroline) nickel( II) perchlorate 

[Ni( phen )3J (CIO"') 2 \vas prepared by the method described previously. 14) 

3. Results and Discussion 

Figure 1 shows a typical example of the variation of the visible 

spectrum with the DMSO concentration for a 1.0 X 10- 3 mol dm- 3 solution 

of R,S,R,S-[NiLj(CI0 4 h: in DMAat 25°C, together with the spectrum in pure 

DMF . The absorption peak at 519 nm is referred to the four-coordinate 
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Fig. 1 Variation of visible absorption spectra for R,S,R,S-lNiL](Cl04)2 
(about 1. 0 X 10-:3 mol dm-3 ) in Dl\~A-D1'1S0 mixtures and in DMF at 25°C. Mole 
fraction of DMSO: a, 0.00; b, 0.0340; c , 0.0993; d, 0.2472; c, 1.0; f, DMF. 
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planar complex and the peak at 073 nm is referred to the fiv e -coordinate 

square pyramidal complex. It is shown that the fiv e -coordinate species 

increases as the DrvISO content increases, bu t in pure DrvISO the two peaks 

are clearly observed, this sho,.,ring that the planar and square pyramidal 

species coexis t. 

exists. 

In pure DrvIF the square pyramidal species exclusively 

Figures 2 to 5 show- the coordination behavior of BzN, DrvISO, DrvIF, A and 

waLeI' in binary mixtures over Lhe complete composition range from pure 

coordinating solvents to pure diluents, NB, Py, DrvIA and PC, except for 

the immiscible water-NB and water-PC systems. Since waler dissolved 

especially In Py and nrvIA can be easily coordinated to the chelate 

cation, 1 ~" 1 (5) absorbances at each concentration for organic donor 

solvents were corrected for the water effects by extrapolating the 

absorbances to zero water concentration . I t is seen that the addition of 

a small amount of donor solvents to the diluent soluLions results in sharp 

decreases in apparent molar absorptivity (c in dm 3 mol- I cm- 1
) and 

further, it should be noted that althoug'h c values for BzN, DrvIF and AN 

decrease monotonously in the region of mole fraction more lhan 0.1, DMSO 

in the diluents NB and Py gives a minimum absorptivity at ca . 0.5 mole 

fraction and then c values sligh tly increase once again with increasing 

the DMSO mole fraction. This means a decreased coordinating ability of 

DMSO with increasing its mole fraction. 

SUe' h curves of a minimum c value are also observe d for coordination 

of water in the Py (Fig. 3) and DMA (Fig. 4) diluents. 17) Although the 

monomer of water dissolved in DCE and NB of a low basicity is hardly 
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Fig. 2 Variation of molar absorptivity (s in dm3 mo1- 1 cm- 1 ) at 519 nm of 
R,S,R,S-[NiL](CI0 4 L"2 with the mole fraction of donor solvent in NB at 25°C. 
0, DMSO; . , AN; /::", DMF; A , BzN. 
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Fig. 3 Variation of molar absorptivity (E. in dm 3 mol- 1 cm- 1 ) at 519 nm of 
R,S,R,S-[NiL](Cl04 )2 with the mole fraction of donor solvent in Pyat 25°C. 
0, DIVISO; . , AN; 6., DMF; A , BzN; 0, H2 0. 
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) at 519 nm of 

R,S,R,S-lNiLJ(CI0 4 ).2 with the mole fraction of donor solve nt in DMA at 
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) at 519 nm of 

R,S,R,S-[NiL](Cl04 )2 with the mole fraction of donor solvent in PC at 25°C. 
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coordinated to the cation, hetero-dimeric \vater hydrogen bonded with Py 

and DMA of a high basicity is easily coordinated because of the increased 

basicity resulting from polarization of the oxygen atom of water through 

hydrogen bond . J 5 , 15) More basic Py gives a more abrupt decrease in c 

than does DMA. As the ·water mole fraction increases, self-association of 

water occur's and the donor oxygen atom becomes hydrogen-bonded to 

water itself to lead to a decrease in coordinating ability . In pure water 

at 25°C , 70% of the chelate cation is square- pyramidal, although ca. 100% 

of the cation ligates water molecules in the 0 . 1 to 0 . 5 water mole fraction 

with Pyas the diluent (Fig . 3) . In a similar way , it can be said that as 

t.he DlYISO mole fraction increases, self-association of DMSO occurs and 

the donor oxygen atom is masked to lead to its less coordinating ability. 

Figueroa et a1. 3) reported from the i . r . study that in nonpolar carbon 

tetrachloride DMSO is monomeric in the mole fraction less than ca . 0.008, 

and that the self- association of' Dl\1S0 is essentially limited to the 

formation of dimers in the mole fraction range ca. 0 . 008- 0.03, and a cyclic 

structure for the dimer species (see Scheme 1) is preferred to a chain 

structure . In the present study the decrease in coordinating ability of 

DMSO is reasonably interpreted by the masking of donor oxygen atom 

resulting from formation of t he cyclic dimer . 

(Scheme 1) 
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The above discussion suggests a possi bility for estimation of the 

degree of dimerization of DMSO. Now, we assume that only Q monomer-dimer 

equilibrium exists. 

fraction- 1 is 

The apparent coordination constant I\Ni S ,o in mol 

(1) 

where Cs is the mole fraction of the donor solvent, E O is the molar 

absot'ptivity at 519 nm in the diluenLs, E is the ap paren t molar 

absorptivity and E s is the molar absorptivity of the five-coordinate 

species (10 <1m 3 11101- 1 em-I ). Equation (1) is rewritten using the 

coord inalion constant Kf'J i S and the d imerizaLion cons tall L I\ ,j i m 

(2) 

where [S J is the mole fraction of Lhe monomeric donor solven t. In the 

diluted region of the donor solvent (1)>2K .jimrS]), KNi :S" ~ equals Lo KNI 8 • 

Once the 1(1" ,li8 values are determined, [SJ (= Cs - 2[S 2 1) is calculated by 

eq uation (3) 

(3) 

where l5 2 J is the concentration of dimer. Thus, the appat'ent dimerization 

cons La n L K dire" a is given by the eq uation (11) 
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(4) 

The KN is. e. values for DMSO were calculated in its full composition 

range of' mixed solvents and are tabulated in Table 1. IL should be noted 

that the EN is. E> values are a1most constant in a small fraction range of 

the DMSO poor region, for example less than the 0.016 DMSO mole fraction 

in NB, and Lhen it decreases with increasing the DMSO mole fracLion. It is 

concluded, therefore, that the solution of D1VISO consisLs essentially of 

monomeric species in the concentration range of the constant KN I S . e> 

values and the decreased coordinating ability or activity is mainly 

attributed t.o self-association of DMSO. As shown In Table 2, the upper 

mole fraction for the identifiable region where constant KNiS values 

OCCUl' decreases in the order, PC (0.15) > DMA(0.07) > r B (0.02) > Py (0.006). 

PC of the largest dipole moment gives the largest monomer range and Py 

of the smallest dipole moment gives the smallest. The stronger 

interaction between DMSO and the diluent would be more liable to disrupt 

dimerization of DMSO, leading to a larger monomer range. 

The K ,j in',. ,3 values obtained by equation (4) at each concentration are 

given in Table 1. It is seen that the Kd In-I. e values in each diluent are 

constant in a small range of the DMSO mole fraction and then increase with 

increasing the DMSO mole fraction except for Py. The increase in K el im. 0 

means that at higher mole fractions of DMSO more highly associated 

species occurs. It is reasonably assumed Lhat the activity coefficients 

of the monomeric and dimeric DMSO species are unity, aL least, in the 

Dl"ISO- poor region where the K ,j in'" t:l values are consLant. The K ,j in', value 
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Table 1. KNiS,a and Kd · in various binary mixtures 1nl,a 

NB Py 

XOMSO KNiS,a Kd · 1111 ,a XOMSO KNiS,a Kd · 11n,a 

0.0038 40 0.0037 28 

0.0053 38 0.0041 29 

0.0071 40 0.0054 26 

0.0090 40 0.013 22 13 

0.0099 37 0.033 17 17 

0.011 38 0.042 17 13 

0.015 38 0.057 1 7 10 

0.033 34 2.8 0.077 16 9.4 

0.051 31 3.0 O. 11 1 5 7.3 

0. 072 31 2.4 0.20 14 5.5 

0.10 28 2.6 0.26 13 5.4 

O. 11 27 3.0 0.50 7.7 9.6 

0.14 26 2.7 0.75 3.8 31 

0.30 1 5 7.0 0.90 3.3 35 

0.49 10 12 

0.70 7.5 16 

0.81 5.4 28 

0.90 5.0 30 

-75-



Table 1. continued 

OMA PC 

XOMSO KNiS,a Kd · XOMSO KNiS,a K lm,a dim,a 

0.016 12 0.0084 10 

0.017 13 0.011 8.5 

0.029 12 0.026 9.8 

0.034 1 2 0.028 9.0 

0.048 11 0.084 8.7 

0.065 11 0.12 8.7 

0.076 9.6 2.1 0.15 8.4 

0.084 9.8 1.6 0.21 7.8 0.49 

0.099 9.1 2.2 0.24 7.4 0.56 

0.13 8.9 1.7 0.27 7.5 0.46 

0.20 7.4 2.6 0.32 7.0 0.62 

0.25 6.7 2.8 0.35 6.8 0.66 

0.50 4.9 3.5 0.40 7.0 0.50 

0.75 3.9 4.3 0.50 5.3 1 .2 

0.90 3.6 4.3 0.75 4.1 1 .9 

0.90 3.5 2.3 
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obtained increases in the order, Py (14) > B (2.8) > D:'vIA (1. 9) > PC (0.6). 

Reported Kd im values in mol fraction - I at 25 cc are 5.5 In carbon 

teLrachloride:3 ) and 6.2 in car bon disulfide. ';') Since the diluents used in 

this work are polar solvents and DMSO molecules are strongly solvated 

by the diluents, they are more liable to breal{ up the DMSO structure 

than carbon tetrachloride and car bon disulfide, lead ing; to less K ( I i m 

values except for Py. It is not clear why the Kd iIT! value in Py is larger 

than that in carbon tetrachloride alLhough the data show some scatter. 

The KNi:S~ values for another donors in diluents \vhich \vel'e obtained 

in the mole fraction range less than 0.1 are tabulated in Table 2 together 

with donor and acceptor numbers and dipole moments (J.1.). These 

aprotic diluents can be taken as those of weak acidity. It is seen that the 

KNiS values in all of the diluents increase in the order BzN<AN<DfvISO<Dl\1F, 

unlike the order of donor number, Bz <A <DNF<DMSO: DMSO coordinates 

more \,yealdy than does DMF . It has also been reported that the stability 

order for the five coordinate chelate in pure solvents is Dl\1S0 < Dl\1F < AN 

at 25 cC . 1 S) Although the dipole of the DMF molecule 1S deeply embedded, 

the DMSO molecule has a trigonal pyramid structure 111 which the dipole 

lies almost along the s=o bond and is exposed 1 <;I ) : the C-S-C and c-s-o 

bond angles are 97 . 86 0 and 10'i . 25 0 ,c'O) respectively . Therefore, it is 

likely that the less coordinating ability of DMSO compared with DMF is 

attributed both to steric hindrance imposed by the methyl groups of both 

DMSO and the L ligand, and to dipole-dipole interactions between DMSO 

and the di luents . The latLer is supported by the fact Lhat the KN1S 

values in PC of the largest dipole moment is the smallest. The exposed 

-77-



T
ab

le
 

2 .
. 

C
oo

rd
in

at
io

n 
co

n
st

an
ts

 
K N

iS
 

in
 m

ol
 

fr
ac

ti
o

n
 -1

 
in

 
va

ri
ou

s 
d

il
u

en
ts

 
a
t 

25
°C

 

D
il

ue
nt

 
NB

 
PC

 
DM

A 
Py

 

lJ 
4

.2
 

4.
98

 
3.

81
 

2.
2 

Dr
i 

4.
4 

1 5
. 1

 
27

.8
 

33
.1

 

D
on

or
 

Ac
N 

14
.8

 
18

.3
 

13
.6

 
14

.2
 

I .....
.::J

 
so

lv
en

t 
ON

 
Ac

N 
I 

~
 

lJ 
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-

1 

Bz
N 

3.
9 

11
. 9

 
15

. 5
 

4.
3 

±
 0

.2
 

1
.0

±
0

.2
 

4.
3 

±
 0

.3
 

6.
0 

±
 

0.
3 

AN
 

3.
96

 
14

. 1
 

18
.9

 
29

 
±

 
2 

8.
6 

±
 0

.4
 

9
.5

±
1

.1
 

15
 

±
 1

 

DM
F 

3.
86

 
26

.6
 

16
.0

 
I 

56
 

±
 2

 
19

 
±

 1
 

18
 

±
 

35
 

±
 4

 
I 

m
1S

0 
3.

90
 

29
.8

 
19

.3
 

I 
39

 
±

 
9

.0
±

 0
.6

 
12

 
±

 
28

 
±

 2
 



dipole and the property of the sulfur atom as an electron-pair acceptor 

for DMSO make the dipole-dipole interaction stronger. Of the diluents, 

Py of the smaJlest dipole moment and 1 B of the smallest donor number 

value give larger KN i S values and PC of the largest dipole moment g'ives 

smaller KN i S valnes, the results sho\ving an importan t role of both 

dipole- dipole and electron- pair donor-acceptor interactions. 

As stated earlier, the effects of self-association of DMSO on 

solute-solvent interactions have been often observed in mixed solvent 

systems. However, little anomaly 1S observed for solu te-solvent 

interactions in pure DMSO. For example, the 23Na chemical shift of pure 

DMS021
) is the value expected from a linear cOlTelation of the chemical 

shifts in several unstructured pure solvents with their donor numbers 

",hieh correspond to each diluted solvent in DCE, \,Thile the chemical shift 

in pure water greatly deviates . The coordination of a donor solvent at 

the sixth site to VO(acac)2 alters the positions of two absorption bands: 

the first band is red-shifted and the second band is blue-shifted. The 

difference bet\·,reen the first and second bands D I I. I for pure solvents 

involving DMSO also gave a good linear correlation \vith donor 

numbel's ."22.22;) The octahedral [Ni(phen) :3](CI04 )2 \vhich racemizes through 

an intermolecular process gave a linear relationship be t \vee n the 

logarithms of the racemization rate con~tant, l\l~ o.';, and D~, 24 ) and the 

kr"" c value in DMSO was larger than that in DMF as expected. D, 1.1 for 

VO(acac) -=> and the racemization rate of [Ni(phen) .3l2 + in DMSO-NI3 mixtures 

are shown in Figs . 6 and 7. The effecL of DMSO's self-association is not 

seen: the D [ I. 1 and k I' e> C values fOl' more basic DMSO are larger than those 
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for DMF over the full composition range. 

It can be said that coordination of a donor solvent to the 

square-planar cation R,S,R,S-[NiL]2+ is sensitively affected by the 

geometric conditions of the donor molecule because of steric hindrance 

imposed by the methyl and methylene groups In the skewed 

-N(CH3 )L(CH2 )2 J(CH:,JN- for R,S,R,S-rNiLj 2+ , compared with VO(acac) 2 and 

[Ni( phen) 3 J2+, and self-association of DMSO is succesl::ifully recognized to 

evaluate the degree of dimerization for DMSO. 
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Chapter 4 

7[ -Back Donation of Nitriles in Nitrobenzene 
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1. Introduction 

l NiL J2+ has tHO stable Isomers of R,R, S, S-nitrogen and R,S, H, S-nitrogen 

configuratiolls. l-Q.> R,R, S, S-[NiLJ2+ and [Ni(cyclam)J 2+ form the 

six-coordinated complexes where t\vO solvent molecules are attached to the 

central nickel. Q. 10) HOHever, R,S,R,S-[NiLJ 2 + forms the five-coordinated 

complex where only one solvent molecule is attached to the nicl\:el. 7) The 

rate constants for exchange reaction of the coordinated solvent have been 

reported in H20 , AN and D1'1F. 11 - 14
) Accordingly, the observed values of 

enthalpy of activation for R,R,S,S-[NiL] 2+ were abou t b\rice as large as those 

for R,S,R,S-[NiL] 2+. It was also found that the coordination of the AN 

molecule to both isomers of [NiLF~+ is stronger than that of other basic 

solvents. 

The axial coordination constants for R,S,R,S-LNiLJ 2+ in various binary 

mixed solvents using NB as a diluent were reported in Chapter 1, and the 

values obtained were decreased in the order DMF (5.4 mol- 1 dm 3
) > DMSO (3.8) 

> A (3.1) > BzN (0.4), while in pure solvents, the order was AN (13.4) > DMF 

(10.8) > DMSO (3.5) > BzN (2.4) > I-bO (1.8).15) In these cases , the coordination 

constant of A.N molecules is larger than that expected from DN, because DN 

of the solvents is decreased in the order DfvISO> DMF> H2 0> AN > BzN, thus 

sug'gesting n-back donation. The first and second coordinaUon constants 

(KN iS1 and KNi S ·2 ) for R,R,S,S-LNiL] 2+ have noL been reported yet. An 

investigation of K 1'Jrs I and KNiS2 might. help in understanding the strong 

coordination of' AN. Therefore, the step\v'ise coordination constants for 

R,R,S,S-lNiL] --'+ and a comparison with the results for R,S,R,S-lNiLJ 2 + and 

[Ni(cyclam)] 2t- in B mixtures are reported. 
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2. Experimental 

NB, Dl"IF, DMSO, AN and BzN were purified as describ d in Chapters 1 and 

3. [Ni(cyc}nm)J(CI0 4 )2 , [Ni(cyclam)](BPh4 ) 2 and R,R,S,S-[NiLJ(CI0 4 ):2 were 

prepared according to the pu blished methods . 7
-';', 16) The purities were 

confirmed by the elemen tal analyses of the respective com plexes. The 

instrumentation and procedure used for measurements of conductances and 

spectra are as reported previously . 1<5. 17) 

3. Results a nd Discussion 

NB was selected as the diluent for the donor solvents because polar NB 

dissolves R,R,S ,S-[NiL](Cl04 )2 enough to permit measurements of the molar 

absorp tivi ties spec trophotometl'ically . As NB has a weal\ basicity, NB is not 

coordinated to both R,R,S ,S - LNiL] 2+ and [Ni(cyclam)F~+ , and furthermore 

larger coordination constants of donor solvents \,rere obtained in NB rather 

than in NrvI and PC in ChapLers 1 and 3. Figures and 2 sho\" variations of 

the visible spectra for R,R,S,S - [ iLJ2+ and [Ni(cyclam) J2+ ,,,ith AN 

concen tration in NB . The wavelength of absorption maximum is 500 nm and 450 

11m for the square- planar species R,R,S ,S - [NiL] 2+ and [Ni(cyclam) ]2+ , 

respectively . In both Figs. 1 and 2 the absorbance decreases with 

increasing donor sol\rent concentrabon . 

Figur(~s 3 and 4 show variations of the molar absorpLi vibes for 

R,R ,S ,S-[ iLJ 2+ and [Ni(cyclam) J2+ ,·;ith the concentration of the donor 

so lvents , respectively. The molar absorptivities for both complexes 

decreased ,,,ith increasing donor solvent concen tration . It should be noted 

that the decreasin .£5 ratio of AN is larg-cr Lhan those of DMF and DMSO for 
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Fig. 1. Variation of the visible spectrum with AN concentration for a 
solution of R,R,S,S-lNiL](Cl04h~ (1 X 10-:3 mol dm-3

) in NB at 25 ce. AN 
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Fig. 2 Variation of the visible spectrum with AN conce ntration for a 
solution of lNi(cyclam)](Cl0 4 )2 (1 X 10- 3 mol dm- 3 ) in NB at 25 DC. AN 
concentration (mol dm-3
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R,R,S,S-[NiL] 2+ , but the reverse IS tru e for [Ni( cyc lam) J2+. For 

[Ni(cyclam) J2+ a small variation in the molar absorptivities was observed. 

The plots for BzN in which there is no variation in the molal' absorptivities 

for [Ni(cyclam)] 2+, are omitted. 

Equations (1) and (2) show the stepwise equilibria for the coordination 

of a solvent to the square-planar complexes, 

R,R,S,S-[NiL] 2+ + S R,R,S,S-[NiL(S)j 2+ (1) 

R,R,S,S-[NiL(S)j 2+ + S R,R,S,S-[NiL(S) 2 J2+ (2) 

where S stands for the donor solvent. The molar absorptivities of the 

complexes are correlated to the axial coordination constants by equation 

(3). 

(3) 

The molar absorptivity, Co of square-planar species for R,R,S,S-lNiLj 2+ and 

for l Ni (cyclam) J2+ is 92.2 dm 3 mol- 1 cm- 1 at 500 nm and 94.9 at 450 nm, 

respectively. The symbol c is the apparenL molar absot'ptiviLy, and Cs is 

the combined molar absorptivity for five- and six-coordinated species and is 

1.0 dm 3 mol- 1 crn- 1 at 500 nrn for R,R ,S,S-lNiLfO? + and 14.2 at 450 nm for 
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[Ni(cyclam) J2+. A typical plot of equalion (3) for R,R ,S,S-l iL] 2+ is sho\.;n in 

Fig. 5 where a good linear relationship is obtaine d for all solvents used. In 

all the plots of Fig. 5, th e concenlration of S bond ed to the ca lion is 

negligible compared with that of uubonded S, since the complex cation 

concentration used for measurements is 1 X 10- 3 mol dm - 3 • The KNiSI and 

KN i 52 values can be obtained from the intercept and slope , and the results 

obtained are summarized in Table 1. 

The overall coordination constants for 

R,R,S,S-lNiLJ(Cl04 )2 in NB are decreased in the order DMF (0.24) > AN (0.22) > 

DMSO (0.021) and AN (23) > DMSO (0 .80) > BzN (0.76) > DMF (0.11), respectively. 

In pure solvents the overall coordination constants for lNi(cyclam) J(Cl04 )'2 

are decreased in the order DMF (27.15) > AN (8 .85) > D1'1S0 (2 . 13) > H2 0 (0 .43, 

0.38) . 1 B , I",;') 

Coordination ability of DMSO and H2 0 as pure solvenls is less than that 

expected from their basicity . This is aLtribu led to the s e lf-association 

\,,Thich masks the donor oxygen atom: DMSO forms a cyclic dimet' and water 

forms a three dimensional polymer in Chapter 3. 

From Table 1, it is obvious that the coordination co nstants for 

lNi(cyclam) J(Cl04 ) 2 are smaller than those for R,R,S ,S-lNiLJ(Cl04 )2 ' This can 

be explained , first , through the phenomenon of hydrogen-bonding of lhe 

four N-H protons of [Ni(cyclall1) J:2+. Effects of hydrogen-bondin ,g of N-H 

protons on ionic association in NB were studied . The ionic association 

constants Ie, obtained by the Fuoss-Edelson mc Lhod, -'OJ we r e 0, 1190, and 

'11000 H, S ,R, S-lN iLJ (810 4 )2 , and 

l N i (eye liJlIl) J (Cl0 4 ) 2 , respectively, indic nUng LhaL [i(cyc lum)J(CI04 )2 is 
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Tab 1 e 1. K C'-.1 i S 1 and K f..j i S 2 for R, R , S , S - [ NiL J 2 + and 

[Ni(cyclam)] 2 +, and Kf..j iS for R,S,R,S-[NiLJ 2+ in NB at 25 DC 

R,R,S,S-[NiL] 2 + lNi(cyclam)J 2+ R,S,R,S-LNiL] 2+ 

Solvent KN i S1 KN iS2 KNiS1 I{ f..j i S--=- K NiS 

DtvISO 1 .6 ± o . 1 0.5 ± 0.1 0.7 ± o . 1 0 3.8 

DMF 1.0 ± o .1 0.1 ± o .1 0.8 ± o . 1 0.3 ± 0.1 5.4 

AN 3.4 ± 0.3 6.7 ± o .1 0.2 ± 0.1 1 . 1 ± 0.2 3 .1 

0.7 ± 0.1~ ) 1.2 ± o .1 0.) 

BzN 0.4±0.1 1.9±0.1 0.4 

-95-



greatly associative . 1 tY, The difference in K~ between BPh 4 - and CI0
4 

- for 

[Ni(cyclam)] 2+ IS slightly reflected on the KNiS l values: the CI04 - complex 

gives a little smaller KNiS1 value compared "\\Tilh BPh 4 - . The basic donor 

solvents can be also hydrogen-bonded to the N-H protons, and their attach:. 

on the central nickel is hampered. 

Secondly, the stability of sq uare-planar configuration for 

lNj( cyclarn) j2+ is considered . The logarithm of the stability constant is 8.6 

for R,S,R,S-[NiLj 2+ and 20.1 for [Ni(cyclarn)J 2+. 211 The absorption wavelength 

of the d-d transition observed is 450 nm, 500 nrn and 520 nm for 

[Ni(cyclarn) ]2+ , for R,R,S,S-[NiL] 2+ and for R,S,R,S-[NiLJ 2 +, respectively, 

indicating that the stability for the square-planar configuration decreases 

in the oreier LNi(cyclam)J 2+ > R,R,S,S-[NiL] 2+ > R,S,R,S-[NiL] 2+. Cyclam is the 

secondary amines \"hile L is the tertiary ones. As the coordination of the 

tertiary amine is stronger than the secondary one, 21) the stability for 

[NiL]2+ must be larger than that for [Ni(cyclam) J2+. However, the repulsion 

between the methyl groups of LNiLJ 2+ leads to less stability for the 

square-planar configuration. In other words, it is easy for [NiLl2 + to 

change its configuration from the square-planar into the square-pyramidal 

or the octahedral. Therefore, [NiL] 2+ easily receives the attack of the 

solven t. 

Table 1 also compiles the coordination constants obtained together with 

K Ni S for R,S,R,S-[NiLJ 2+, The KN;:Sl values of DMF and Dl\1S0 are less than 

KNi S , but those of AN and BzN are the same as KI'".)iS ' The calculation of the 

strain energy showed that each coordination site for R,R,S,S-LNiLJ 2
+ is more 

sterically crowded than the coordinaLion siLe foJ' H,S,H,S-[NiLj 2+,2:. 4
) It is 
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lilcely that coordination of DMF and DfvISO molecules with -N(CH3 )2 and t\vO 

-CH3 ' respectively, is sterically hindered, and the rod like cyano group 

receives little steric hindrance. 

Cyano groups show a striking and different trend from other solvents. 

KNiS2 for AN is twice as large as KNiS1 , although KN iS2 for DMF is only one 

tenth of KN is 1 . This anomalous behavior of A may refer to n-back 

donation. Evidence has been reported for the n-back bonding of AN: the 

increase of the CN stretching frequency for copper halide adducts ,,,ith 

AN,2c:) the large stability constant of bis( a-ful'il dioximato) diiodo-

cobaltate( III) in A \23) the large ratio of lODq' (nickel bromide AN complex) 

/ lODq' (nicl\:el chloride AN complex) , 24) the dependence of the coordination 

power value (the relative Gib bs free energy change fat' solvation of the 

llicl\cl ion) on otbet' parameters,23) and the deviation of VnH~)< for the copper 

complexes in 1\ from a correlation of v
ma

:< with solvent donor number.20) 

In all these cases, AN is strongly bonded to the complex than expected from 

its basicity. The coordination of one AN molecule via n-back donation makes 

another axial trans-coordination site active (a trans-effect). On receiving 

the electron-pair of AN, the nickel atom loses the positive c harge slightly, 

but \",hen the electrons of the nich:el atom flow in the AN molecule via 7[-

bac\\: donation, the density of positive charge on nic\cel increases. 

Therefore, the larger the n-back donation becomes, the stronger the second 

coordination, resulting In ENiS2 > KNi S } for llitl'iles. The activation 

enthalpy for the loss of a single solvent molecule from R,R,S,S-lNiL(AN)2]2+ 

and R,R,S,S-[NiL(DMF) 2J2 + are 41.5 kJ mol- 1 and 38.3, respectively. }4) This 

indicates that the coordination of A to R,R,S,S-[NiL]? -; is stl'onger than 
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that of DMF, thus supporting n~·bacl{ d o natio n. In a dditio n, th e \<lave le ngth 

of the absorption maximum is 349 nm and 373 nm for the oc tahedral species 

R,R,S,S-lNiL(S) 2 j2+ in AN and in DMF, respective ly , and indicate s blue-shifts 

ill AN compared \<lith DMF in Chapter 1. 

X-ray crystallographic data showed that the deformation in the 

square-planar configuration of R,S,R,S-[NiL 12+ is larger for one AN molecule 

coordinalion than that of DrvIF, 5 . 27. 28> hence supporting the above view. The 

Ni-N (ring) bond lenJ5'ths for the non-coordinated, DMF-coordinated, and 

AN-coordinated species are 0. 1960 nm, 0.LI05 nm, and 0.2113 nm, r e spectively. 

For DMF-coordinated species the distance of llich:e l atom displace d from the 

NLl plane is 0.029 nm, while for the A .. - coordinate d it is 0.034 nm. The trans 

non-coordinating axial site of R,S,R,S-l iL(AN)J 2-1 IS abo activated, but the 

solvent cannot be coordinated because of the ste ric hindrance of melhylene 

groups . 

Influence of the ligand trans to O2 on the O2 adduct formation for the 

square-planar complex has already been reported. 2g
-

31
) The coordination 

constants of O2 (K02 ) increases in the order H2 0 < Py < imidazol (Im) < NH3 < 

CN- for lCo(cyclam)J 2 +, Cl - < Cl04 - < Br- < Py < Im for lCo(Mee:;(l4)4,11-dien 

N4 )j2 +, and Cl04 - < Cl- < SCN- for [Co(C-meso-Mee> [14]aneN4)] 2+. As a matter 

of facL, when the axial ligand trans to O2 is coordinated to the cobalL atom 

by n-ba k donation (e. g'. CN- ), the K02 is large . A correlation between axial 

ligand basicity and oxygen affinity i~ stron,ger for a fully saturated 

macrocycle than that for unsaturaLe d ones. '?Q) It is lil\: e ly that the n

electrons of the macrocycle interrupt the approaching ligand through 

repulsion , resulting in a large KNiS2 for H,R,S,S-[NiLj 2+ which has a 
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saturated macrocyclic ligand. 

In conclusion, the introduction of AN into the coordination sphere of 

R,R,S,S-[NiLJ 2 + is supported by n-back donation and hence AN is strongly 

bonded to the nickel atom. Coordination of nitriles by n-back donation 

activates the opposite axial trans-site of the squal'e-planac complexes, 

contrary to DMF and D]\lSO, where no influence on its trans position is 

observed. The fact that K Ni S2 is larger than Kr'l"i S I for AN in AN-ND mixture, 

provides conclusive evidence for n-back donation to the nickel atom. 
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The square-planar, mac roc yC' lic tetramine nic kel complex ion, 

R,S,R,S-lNiL]2+ (L = 1,4,8, 11-tetramethyl-1, 4,8, 11-t.etraazaC'yclotetradecane) 

which has axial sites available for coordination was found to be a useful 

probe to explore the solvent-solvent and solut -solvent int.eractions by 

using the coordination constants of donor solvent, and the characteristic 

properties of' solvents on coordination \Vere investigated. 

In Chapter 1, the coordination constants of the donor solvent to the 

nickel complex in nitrobenzene ( B) were determined 

spectrop hotome trically. These were discussed fro 11'1 the vie""point of steric 

hindrance, basicity of the donor solvent, and the solvent-solvent 

in terac tion. It \Vas found that R,S,R,S-[NiLF'+ has a sterical1y unique 

coordination site. 

In Chap ter 2, the ion-pair formation constant by conductomeLry was 

discussed. AlLhough ,N-d imeth y lfor mamide (Dl'1F) and N, N-d ime th y lacetamid e 

(DMA) have an almost similar relative permittivity and basicity, DMF was 

coordinated to R,S,R,S-[NiLJ 2+, but DMA was not. The first ionic association 

constant of R,S,R,S-[NiL]2+ ,,,ith the perchlorate ion in the mixtures with NB 

decreased with increasing fraction of both Dl'1F and DMA. DMA as well as 

DMF in NB selectively solvated the axial coordination site of R,S,R,S-[NiL]2+ 

to change from contact ion-pairs to solvent-separated ion-pairs. Bulltyand 

delocalized negative pole of B of \"hich the djpole moment is larger than 

that of DMF and DMA results in a wealt ion-dipole interaction, leading to a 

larger degree of ionic association. The ionic association was djscussed from 

the viewpoint of steric hindrance and lon-dipole interactions. 

In Chapter 3, the self-association of dimethyl sulphoxide (DMSO) was 
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described. The dimerization constants of DMSO '-"Thich al'e difficult to 

determine in dipolar solvents such as NB, Dl\1A, pl'opylene carbonate, and 

pyridine (Py) were obtained by using the dependence of the coordination 

constant to R,S,R,S-[NiL]2+ on the DrvrSO concentration . A fraction of 

coordinated species of DMSO in NB and Py became maximum at ca. 0.5 DMSO 

mole fraction and decreases with increasing DMSO mole fraction, unlike 

other coordinating solvents such as acetonitrile and DMF. As the 

dimerization masks the coordinating' oxygen atom of DMSO, the inhibition of 

coordination of DMSO occurs. The dimerization constants obtained were 

large, when the dipole moment of diluent solvent is small. 

In Chapter 4, the n - back donation of nitriles was described. 

Coordination of dipolar aprotic solvents to R,R,S,S-[NiL]2+ and 

[Ni(cyc:lam) F~ +- which form an octahedral complex by axial ligation of two 

donor molecules was investigaLed in NI3 specLrophotometrically. The second 

coordination constants of nitriles Lo H,R,S,S-[NiLJ 2
-l- wel'e larger' than that 

of other oxygen aLom-coordinating solvents, and furthermore, the firsL 

coordination constanL was smaller than the second coordination constant 

for the nitriles. This extraordinariness was discussed in terms of the 

characteristic properties of the square-planar and macrocyclic tetramine 

nicl{el complex, and the n-back donation of nitriles. 
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