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Abstract 

The pKr, for the equilibria NiI_(OH)’ $ NiL’+ + 
OH for L E 1,4,7,10-tetraazacyclotridecane, 1,4,8, 
12-tetraazacyclopentadecane, C-/3-racemic-5,7,7,12, 
14,14-hexamethyl-l,4,8,1l-tetraazacyclotetradecane 
and C-/3-racemic-1,4,5,7,7,8,11,12,14,14,-decamethy1- 
1,4,8,11-tetraazacyclotetradecane are 0.95, 1.9, 0.2 
and 0.65 respectively. The results are compared with 
data for analogous complexes reported earlier. The 
results indicate that the main factors affecting these 
equilibrium constants are the in plane ligand field 
strengths of the square planar complexes and steric 
factors. 

Introduction 

Complexes of divalent nickel with tetraazamacro- 
cyclic ligands exist in aqueous solutions in an equilib- 
rium mixture between a low-spin, yellow form and 
a high-spin, blue form [l-9] . 

NiL” + 2H20 e NiL(H20)22+ (1) 

yellow blue 

The equilibrium constant for reaction (1) 
decreases with the increase of the in plane ligand field 
of the macrocycle [7] and with the increase in the 
steric repulsions between the alkyl portions of the 
ligand and the axially bound water [7]. In alkaline 
solutions a further equilibrium between two high 
spin forms of the complexes was observed [7]. 

NiL(Hz0)22+ t OH- e NiLOH’ t 2H20 (2) 

blue green 

It was proposed that in the alkaline form the nickel 
is pentacoordinated and probably somewhat displac- 
ed from the plane defined by the four amine donor 
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ligands [7]. The equilibrium constants for reaction 
(2) were suggested to decrease with the increase in 
the in plane ligand field strength of the macrocyclic 
ligand [7]. Recent results [lo] seemed to suggest 
that this equilibrium reaction is also affected by steric 
repulsions by the alkyl part of the ligand. 

It seemed of interest to extend the study of the 
equilibrium reaction of nickel complexes with analog- 
ous ligands to those reported thus far. We report here 
the equilibria for four such complexes and compare 
the results with those reported earlier. It should be 
noted that there is no evidence that the pentacoordi- 
nated complexes, NiL(OH)‘, are formed from the 
aquo complexes, which are hexacoordinated for most 
complexes studied. Alternatively the pentacoordi- 
nated complexes might be formed via 

NiL’+ + OH e NiL(OH)’ (3) 

and this might be the only route for complexes with 
large steric repulsions by the alkyl portion of the 
ligand, e.g. for L = trans(III)-C-meso-1,4,5,7,7,8,11, 
12,14,14-decamethyl-1,4,8,1 l-tetraazacyclotetrade- 
cane. We shall therefore report our results as the pK,, 
for the dissociation of NiL(OH)+ i.e. for the reverse 
reaction (3). 

._ WJ-1, - PiYW’l WH-1 
&, = 

[NiL(OH)‘] 

where [NiL], equals the total complex concentra- 
tion, 

Experimental 

Materials 
The synthesis of the complexes used in this study 

has been described in previous reports [ 11, 121. All 
other materials used were of A.R. grade and were 
used without further treatment. Solutions were 
prepared with heat distilled water which was passed 
through a MU-Q Millipore water purification sys- 
tem. 

Spectra were measured using a spectronic 2000 
Bausch and Lomb Spectrophotometer. pH values 
were determined using a Metrohm pH meter equipped 
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with a stable alkaline glass electrode. For solutions at 
pH > 13.0 the pH was calculated from the amount of 
KOH added. In the pH range 12-13 the electrode 
was calibrated by conventional techniques. All 
spectrophotometric titrations were carried out in 
1 .O M KN03 solutions. 

Results and Discussion 

Typical results of the spectrophotometric titrations 
are shown in Figs. 1 and 2. The clear isosbestic points 
obtained indicate that only one equilibrium process 
is observed. If a second equilibrium occurs it involves 
no further observable change in the spectrum of 
the complexes in the region studied and this is highly 

1 , 
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Fig. 2. Spectrophotometric titration of NiLT’+. 2.0 X lop2 

M NiL7(C104)2; 1.0 M KN03. 1, pH 9.1; 2, pH 12.4; 3, pH 

13.1; 4, pH 13.4; 5, pH 13.6; 6, pH 13.8; 7, pH 14.0. 

OD 

A “m 

Fig. 1. Spectrophotometric titration of NiLS2+. 2.6 X lop3 

M NiL3(C104)2; 1.0 M KN03. 1, pH 8.6; 2, pH 10.9; 3, 

pH 11.6; 4, pH 12.1; 5, pH 12.6; 6, pH 13.0. 

unlikely. In the case of 1,4,7,10-tetraazacyclotride- 
cane a slight deviation from the isosbestic point was 
observed in solutions with [OH-] > 1.0 M. These 
results are in accord with the suggestion that the 
hydroxo complexes of tetraazamacrocyclic nickel(H) 
are pentacoordinated [7]. 

The results are summarized in Table I. The Table 
also contains the X,, of the absorption band in the 
visible of the low-spin isomers of the NiL’+ 
complexes in nitromethane as a measure of the in 
plane ligand field strength [13] . It should be point- 
ed out that in all the NiL’+ complexes included in the 
Table the nickel is in the plane of the four nitrogens 
of the ligand, NiLs*+ and NiLlo2+ excluded. 

The results point out that the pK,, values are 
affected not only by the change in the in plane 
ligand field as measured by the absorption spec- 
tra of the NiL’+ complexes. Several effects are 
observed. 

TABLE I. pKb for the Dissociation of NiL(OH)+ 

L&and p’% h max 
in CH3N02 

(nm) 

1,4,7,10-tetraazacyclotridecane (L1) 0.9sb 426b 
1,4,8,11-tetraazacyclotetradecane (Lz) 0.33d 45sc 
1,4,8,12-tetraazacyclopentadecane (L3) 1.90b 460b 
irans-III (R,S,S,R)-1,4,8,1l-tetramethyl-1,4,8,1l-tetraazacyclotetradecane (L4) 2.06d 492c 
cans-1 (R,S,R,S)-1,4,8,1l-tetramethyl-1,4,8,1l-tetraazacyclotet:adecane (Ls) 3.18d _ 

trans-III c-meso-5,7,7,12,l4,14-hexamethyl-l,4,8,1l-tetraazacyclotetradecane (Lb) <-0.5= 468’ 
trans-I c-rac-5,7,7,12,14,14-hexamethyl-l,4,8,1l-tetraazacyclotetradecane (L7) 0.2b J61e 
Irans-III (R,S,S,R)-c-meso-1,4,5,7,7,8,11,12,14,14-decamethy1-1,4,8,11-tetraaza- 

cyclotetradecane (La) 0.4c 516e 
tram-1 (R,S,R,S)-c-rac-l,4,5,7,7,8,11,12,14,14-decamethyl-l,4,8,1l-tetraazacyclotetra- 

decane (Lg) 0.6Sb 546e 
1,4,7,10-tetramethyl-1,4,7,lO-tetraazacyclododecane (Llo) 3.8f 

aAccuracy of p& + 0.15, h,,, of the low spin isomer of NiL’+. bThis work. ‘Ref. 10. dRef. I. eRef. 12. fRefs. 15 
and 16. 
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(a) When the size of the macrocyclic ligand is 
increased along the series Lre, Lr, La and L3 the 
change in the pKb is not monotonous. The value of 
pKu decreases from NiLa*+ to NiL2*+ as expected 
but then increases again, though the ligand field 
splitting in NiLr *+ is larger than that of NiL2*+. 
This deviation from expectation stems most prob- 
ably from the fact that the cavity of Li is too small 
to keep a high-spin divalent nickel cation in the plane 
of the nitrogens. Indeed all known high-spin com- 
plexes of NiLIX2 have the cis configuration [14]. 
Most probably also the hydroxo complex formed 
in alkaline solution is cis-NiLr(H20)(0H)+. The 
slight deviation from the isosbestic points at [OH-] > 
1 .O M suggests that cis-NiL,(OH)2 is formed in strong 
alkaline solutions. The smaller cavity of L,e enhances 
these effects and so the complex is present also in 
neutral solutions as the cis isomer of NiLr0(H20)2*+ 
and pKr, increases accordingly [ 151. 

(b) Methyl substituents on the carbon atoms 
of the macrocyclic ligands decrease the value of 
pK,, though they decrease also the ligand field split- 
ting induced by the ligand, compare NiL2*+ with 
NiL6*+ and NiL, *+ This effect is attributed to the . 
hydrophobic nature of the methyl substituent,, which 
due to steric factors decreases the tendency of the 
hydroxide to bind to the central nickel cation. 
As expected the effect is smaller for the trans-I 
isomer than that observed for the truns-III isomer as 
in the former a larger cavity is available for the 
hydroxide. 

(c) Methyl substituents on the nitrogens of the 
macrocyclic ligand increase the value of pKt, in 
accord with the decrease in the ligand field splitting 
caused by the N-methylated ligands, compare NiLs*+ 
and NiL4*+ with NiL2*+; NiLs*+ with NiL6*+ and 
NiLs*+ with NiL,*+. The effect is larger for NiL5*+ 
than for the isomeric NiL4*+, as the former is already 
pentacoordinated. The result for NiL8*+ is quite 
surprising as a model of this complex suggests that 
there is no space available for axial binding to the 
nickel. The small ligand field splitting caused by this 
ligand seems to supply enough driving force to allow 
axial binding of a hydroxide to enforce a distortion 
of the ligand coordination sphere which opens 

enough space for the approaching hydroxide. NiLs*+ 
has a less crowded coordination sphere than its 
NiLs*+ isomer and accordingly the pK,, of the former 
is somewhat higher. 

The results thus point out that steric repulsions 
between methyl substituents on the ligand and the 
axial bound hydroxide affect the value of pKt, in 
analogy to their effect on AHlo and ASro [7]. 
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