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The interaction of pyridine and 4-methylpyridine with 
the square-planar nickel complexes of three salicylal- 
dimine type ligands has been investigated. Spectro- 
scopic studies indicate that the bases add in a step- 
wise manner such that five-coordinate intermediates 
are produced: however in each case the final product 
is six-coordinate. In contrast, addition of excess 2- 
methylpyridine yields only the corresponding mono- 
base adducts. Combination of solution magnetic su- 
sceptibility studies with the spectroscopic data has 
led to estimation of stepwise stability constants. For 
each compound Kr> KI. Thermometric titrations 
have also been performed and have enabled calcula- 
tion of the corresponding AH0 and AS0 values. At- 
tempts to isolate the five-coordinate species have not 
been successful but a range of bis-base adducts has 
been isolated and characterised. 

Introduction 

The chemistry of bis-ligand nickel( II) complexes 
of a large number of substituted salicylaldiminato li- 
gands has been studied fairly intensively? Many 
such complexes are known to react with heterocyclic 
bases to form paramagnetic adduct species. Although 
the formation of octahedral species containing two 
coordinated base molecules has been recognised for 
a considerable time,5-9 it is only recently that evidence 
has been presented for the formation of mono-base 
adducts. Such five-coordinate complexes have been 
observed for only a very restricted number of saiicyl- 
aldimine-ligand types.“*” The present study was ini- 
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tiated to investigate whether five-cordinate species 
might occur more generally for this type of complex 
than so far demonstrated. The complexes of three 
salicylaldimines containing considerably different sub- 
stitution patterns (I-III) were chosen and their inter- 
action with heterocyclic bases studied. Independent 
spectroscopic, magnetic, and calorimetric studies in 
benzene have been used to gain information about 
the respective equilibrium systems. 

I N-n-butylsaiicylaldimirle 

Cl 
II N-n-butyl-5chlorosalicylal- 

dimine 

III N-n-butyl-5_chloro-2-hydroxybenzophenoneimine 

Experimental Section 

Preparations. NiL2 (LH = ligands I and II) were 
prepared by reaction of bis(salicyIaldehydo)nickel(II) 
in alcohol directly with the appropriate amine.2 The 
Schiff base complexes which formed were recrystal- 
lised before use. 

NiLz (LH = ligund III). To nickel acetate (0.1 
mole) dissolved in boiling methanol (100 ml) was 
added the Schiff base (0.2 mole) dissolved in metha- 
nol (50 ml). On the addition of piperidine (1 ml) 
the complex precipitated. The product was filtered 
off, washed with boiling methanol, and dried at room 
temperature. 

Base Adducts (NiLzBasel). Complexes of the type 
NiLz were dissolved in hot base. The solution was 
filtered then allowed to evaporate slowly at room 
temperature until crystals of the adduct formed. These 
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Table II. Visible and near IR electronic spectra a of Nickel complexes of the type NiL, and NiLtBaseZ. 

Solution b 
Ligand Base Solid 

State 
4-Methyl 

Benzene 
2-Methyl 

Pyridine Pyridine Pyridine 

1 610 621(80) 586(12.1) 586( 12.0) 621(68) 
995(13.5) 990( 14.0) 1040(2.0) 

1 Pyridine 

I CMethylpyridine 

II - 

II Pyridine 

II CMethylpyridine 

III - 

600 
970 
600 
990 
595 

626(101) 

582( 149) 

586( 13) 595( 15.9) 
990(13.9) 995(14) 

544(15.4) 565( 12.8) 
1015(15) 1015(15) 

1470(6.1) 

625(47) 
HXO(8.5) 
1460(14.9) 

580( 140) 
1020(2.4) 
1560(4.4) 

III Pyridine 

I11 4-Methylpyridine 

595 
990 
590 
980 

a in nanometers, E values in parentheses. b Solution spectra at concentration 0.0313 molar. 

Table Ill. Magnetic moments’ of octahedral complexes in the solid and solution b. 

NiL,(pyridine)? NiLZ(4-methylpyridine)l 
Ligand Solid Solution Solid Solution 

I 3.15 3.18 c 3.19 3.14 
II 3.02 3.21 3.22 3.06 
III 3.09 3.11 3.15 _d 

‘krf in B.M. (298°K); bsolution in pure base (concentration 0.0313 M); c Reported previously 3.15B.MP, 3.14B.M.“; 
d Precipitates from solution during measurement. 

The near infrared spectra observed for all of these 
complexes in base are consistent with the formation 
of paramagnetic five-coordinate complexes. The bis- 
ligand nickel complex of IV has very similar low ex- 
tinction absorptions in the near infrared region’4v’s 
and an x-ray structure determination has shown it 

Figure 1. Spectrophotometric titration of bis(N-n-butylsalicyI- 
ialdiminato)nickel(II) in benzene with Cmethylpyridine. In 
order of increasing E values (at 1000 nm) the molar base con- 
centrations are: 0; 2.427 x lo-‘; 4.102 X lo-‘; 7.217 X lo-‘; 
9.257 x lo-’ 14.35 x lo-*; 21.26 x lo-‘; 49.57 x IO-‘; 1009 x 
lo-* (pure 4-methylpyridine). 

to have a square pyramidal geometry V.16p” This 
complex is high spin and contains the same combina- 
tion of donor atoms as in the complexes under di- 
scussicn. By analogy with the spectrum of V, the 

Figure 2. Absorption spectrum of bis(N-n-butyl-5_chlorosali- 
cylaldiminato)nickel(ll) in 2-methylpyridine. 
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absorption at - 1500 nm (Figure 1 and Table II) 
for each complex in the presence of base can be ten- 
tatively assigned to the 3B~+3E transition (assuming 
Cd, microsymmetry). A number of other complexes 
which are considered to be square-pyramidal also 
show similar near infrared spectra.l*Jq The visible- 
region spectra of the complexes is of little diagnostic 
value since in this region any four (or six) coordinate 
species in equilibrium with the five-coordinate species 
will also give rise to overlapping absorptions. 

It thus appears that pyridine and 4-methylpyridine 
react with the square planar complexes in a stepwise 
manner: 

MLl+base=ML2base 
ML,base+base=MLZbasel. 

La Mar” has previously postulated, from NMR 
contact shift evidence, that in chloroform the complex 
of I reacts with pyridine in this manner. With 2- 
methylpyridine it is apparent that only the first of 
the above steps occurs and indeed magnetic suscep- 
tibility measurements on all three complexes in 2- 
methylpyridine indicate that in no case is the nickel 
completely present in the paramagnetic (five coordi- 
nate) form. The percentage paramagnetism (based on 
the respective values in pyridine) was found to be ni- 
neteen percent for the complex of I, fifty-three per- 
cent for the complex of II, and nineteen percent for 
the complex of III. Thus even in the presence of pu- 
re 2-methylpyridine only partial formation of the re- 
spective mono-base adducts occurs. 

Figure 3. Magnetic titration curves for complexes of the 
type NiLl in benzene with pyridine (0) and 4-methylpyri- 
dint (A). 

Magnetic titrations have been performed during 
which the rise of paramagnetism was followed as each 

of the square planar species was titrated with pyridine 
or 4-methylpyridine. The results of these titrations 
are shown in Figure 3. For the square-planar comp- 
lex of any particular ligand the curves illustrate clear- 
ly that the interaction with 4-methylpyridine leads to 
formation of more stable adducts than those formed 
with pyridine. The stabilities thus parallel the pKt, 
values for the heterocyclic bases. In addition it is 
obvious from the curves that for a given base the 
order of stabilities of the complexes depends marked- 
ly on the substitution pattern of the bidentate salicyl- 
aldimine involved. Previous studie9” suggest that 
substitution of a phenyl group for the imine hydrogen 
of I would reduce the tendency for the nickel com- 
plex to form base adducts whereas substitution of a 
chloro group in position five of the aromatic ring of I 
should have the reverse effect. The behaviour of the 
present compounds is in accord with these observa- 
tions. 

Combination of the spectral titration data with 
the magnetic titration data can be used to obtain an 
estimate of stepwise stability (concentration) constants 
for the addition of base to the respective square pla- 
nar species. For example, consider the reaction of 
pyridjne with one of the bis-ligand niGel complexes: 

CMLJ’YI 
K’=[ML,]rPy]: 

K,= 
[ ML?Pyt] 

[ML>PYl[PY] . 

From the percent paramagnetism of the complex in 
pure 2-methylpyridine combined with the observed 
extinction value at 1500 nm, the true molar extinction 
value for the 2methylpyridine mono-adduct can be 
calculated. The concentration of the mono-pyridine 
adduct at any point along the pyridine titration curve 
can then bc estimated directly from the spectral data 
if it is assumed that the mono-pyridine and mono-2- 
methylpyridine adducts both have equal molar extinc- 
lions. The percent nickel present in the paramagnetic 
state can be obtained directly from the magnetic ti- 
tration curve and from this the molar concentration 
of square planar complex determined: 

[ML,] =- where x = percent paramagnetism 
C = 0.0313M 

The remaining concentrations are then given by: 

and 

rpYi=m]c,g.l- [ML,Py]--Z[ML,Py,] 

[ ML2Py2] = [Nil,,,,,-_[ ML,]-[ML,Pyl 

As observed by other workerssJZ for this type Df 
compound the bis-ligand complexes are not comple- 
tely diamagnetic in benzene even in the absence of 
added base. Nickel( II) saiicylaldiminato complexes 
have been shown to exist in solution as equilibrium 
mixtures of octahedral polymers, tetrahedral mono- 
mers and planar monomers:2 The predominant spe- 
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40, 822 (1962). 
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Table IV. Thermodynamic parameters for the addition of base to NiL, complexes’. 

-AG,zO b -AH,? -4S,P -AG,: d 
Ligand Base K,b.c K&c KU b (kI mol-‘) (kl mol-‘) UK-’ mol-‘) K,> d (ki mol-‘) 

: 
pyridine 3.1 91 282 f 80 14.OkO.8 63+4 164zt 18 186*30 13.0f0.5 
4-methylpyridine 5.0 100 500* 100 15.4zto.9 56+6 136~23 e 

II pyridine - - -2000 - 68&5 - 1600~200 18.3kO.3 
II Cmethylpyridine - - >5000 - 63+3 - 
III pyridinc 0.6 34 20* 10 7.4* 1.7 62zt5 183*57 15.1i2.0 6.7kO.3 
III emethylpyridine 1 .O 47 47*15 9.5kO.8 44f5 116&23 35*5 8.8zt0.4 

a At 0.0313M and 25’. b Calculated from spectral and magnetic data. 
along the magnetic titration curve. 

c Each value is the mean of six determinations spaced 
The range of values obtained for the complexes of in the above table are: 

Pyridine Case CMethylpyridine Case 
paramagnetism(%) 35 59 69 78 85 

KI 2.8 $49 30 30 32 37 
35 

KZ 102 loo 90 9.0 s5 79 
4.0 4420 55: 56; 57; 5864 
100 Id5 99 lci3 ld2 93 

d Calculated directly from thermometric titration data - see text. e Not determined. 

ties varies from ligand to ligand and solvent to sol- 
vent and is temperature dependent. 

The magnetic behaviour in solution of the nickel 
complex of I has been studied over a range of con- 
centrations and temperatures’ It was shown that 
the equilibrium involved is of the planar monomer 
(diamagnetic) - octahedral polymer (paramagnetic) ty- 

. Because of this competing equilibrium at the 
!?w-end of the magnetic titration curve, only that por- 
tion of each curve above thirty-five percent parama- 
gnetism has been used for stability constant calcula- 
tions. The upper limit for calculation was chosen 
as eighty-five percent paramagnetism as abDve this 
value the errors involved in determination of the va- 
rious concentrations increase considerably since they 
become very dependent on the accuracy of the value 
taken as representing one hundred percent parama- 
gnetism. 

The calculated constants for the complexes of I 
and I11 are listed in Table IV. For each complex 
the value of Kz is somewhat greater than KI indica- 
ting a preference of the metal in these systems for 
six coordination rather than five. The individual 
values of the constants are not of high accuracy be- 
cause of the assumptions inherent in the procedure. 
However we believe that the errors quoted for the 
various Klz values are realistic assessments of the 
errors involved. They were assessed after conside- 
ration of the likely errors in the concentrations of 
the individual species used in the calculations. As 
demonstrated in Figure 3, the stabilities of the base 
adducts of the nickel complex of II are considerably 
greater than for the complexes of the other two sa- 
bcylaldimines. For such high stabilities the values, of 
the constants become very sensitive to the shape of 
the magnetic titration curves and the method can 
only be expected to yield semiquantitative results. 
However it is apparent that both pyridine and 4- 
methylpyridine yield adducts for which K&Kz. 

Provided KI<K* and that AH,” is not large com- 
pared to AH?“, the thermometric titration curves can 
be used for direct estimation of the KU values as 
described previously.23 The validity of the above as- 
sumptions for the present reactions is confirmed by 

(23) D.R. Dakternieks and D.P. Graddon, Auslml. I. Cht’m.. 24, 
2509 (1971). 

the excellent agreement of the KU values (Table IV) 
obtained by this procedure with the values obtained 
from the magnetic and spectral data. 

Thermometric titrations of the three compounds 
with pyridine and 4-methylpyridine have been per- 
formed at 25’ and the overall AH’ values determined 
for the reaction: ML2+2B+ML2Bz. Combination of 
these values with the magnetic and spectral work 
enables calculation of the corresponding AG” and 
AS” values and these are tabulated in Table IV. 

Crystallisation of each of the square-planar diama- 
gnetic complexes from pure base (pyridine or 4-me- 
thylpyridine) leads in each case to isolation of the 
corresponding paramagnetic bis-base adducts. The 
visible spectra of the solids once again show the ex- 
pected octahedral transitions at -950 nm (3A~fl 
3T~& and at -600 nm (3Al,+3T~,) and all have ma- 
gnetic moments indicative of triplet ground states. 

Attempts to isolate five-coordinate complexes by 
crystallisation of the square-planar complexes from 
2-methylpyridine were unsuccessful and resulted only 
in the recovery of the diamagnetic starting complexes. 
These results parallel the behaviour of Bis(O,O’-di- 
isopropyldithiophosphate)nickel(Il) which yields bis- 
adducts from both pyridine and 4-methylpyridine but 
fails to yield an isolatable adduct from 2-methylpyri- 
dine.24 

A thermogravimetric study of the bis-pyridine ad- 
duct of the complex of (II) indicates that both pyri- 
dine molecules are removed quantitatively over the 
temperature range 45’-135’ (calculated for loss of two 
pyridines, 24.8%; found 24.9%). Since the thermo- 
gravimetric curve indicates a smooth continuous loss 
of weight, there is no evidence for the formation of 
a five coordinate intermediate under these conditions. 

Conclusions 

Although previous workers have demonstrates that 
pyridine reacts with the square-planar nickel complex- 
es of certain substituted salicylaldimines in a two-step 
reaction, no determinations of the corresponding step- 

(24) H.E. Fruncis. G.L. Tincher, W.F. Wagner, 1.R. Wasson, and 
G.M. Woltermann, 1. Amer. Chem. SW., 10, 2620 (1971) and re- 
ferences therein. 
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wise stabilify constants have been made. The pre- 
sent work extends the range of such complexes which 
have been demonstrated to undergo a stepwise reac- 
tion with pyridine and by combination of the results 
from spectral and magnetic studies, estimates of the 
respective stability constants have been obtained. The 
behaviour of 4-methylpyridine with each of the com- 
plexes is qualitatively similar to pyridine although 

the former yields more stable adducts. In contrast 
to pyridine and 4-methylpyridine, 2-methylpyridine 
gives only a mono-adduct when reacted with each of 
the square planar species. 
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