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Complexation Behavior of Heterocyclic Hydrazones. II.
Effects of Steric Factors on Formation Constants for
Nickel(II) Complexes with Heterocyclic Hydrazones
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The equilibria of nickel(II) ion with thirteen nitrogen-heterocyclic hydrazones (neutral form: HL) with
and without blocking group(s) have been investigated spectrophotometrically in 28% aqueous dioxane solution
at 25 °C and an ionic strength of 0.2 (KCl). For a series of 2-pyridinecarbaldehyde 5-substituted-2-pyridyl-
hydrazones, the following linear free energy relationships (LFER) were derived between the overall formation
constants, 81, £1', and B2, of Ni(HL)?>*, NiL*, and Ni(HL)22+ complexes, respectively, and the dissociation
constants, Ka1 and Kaz, of H3L?T and HoL ™, respectively: log 81=0.95 (pKa1+pKaz)/2+4.60, 1/2log B2=0.95
X (pKal +pKa2)/2+4.82, and log ,31/= 1.40 (pKal +pK32)/2+9.73.

The steric effects of the 6-methyl group in pyridine and the quinolyl ring in place of pyridyl group on
the eomplex formation were evaluated on the basis of LFER. The complex stabilization effect of the pyridyl
group substituted for formyl hydrogen was also evaluated for Ni(HL)22*, Ni(HL)?**, and NiL* complexes. These
results together with LFER were discussed in conjunction with the thermodynamic parameters for the formation
of Ni(HL)?* complex and the ligand field parameters, Dgq, for Ni(HL)?* and Ni(HL)»>* complexes.

Although a large number of NNN-tridentate hetero-
cyclic hydrazones (HL as a neutral form) have been used
as chromogenic reagents in the spectrophotometric de-
termination of divalent transition metal ions,»'? there
is only a little information on the complexation behav-
ior, both thermodynamically and kinetically, of these
hydrazones including 2-pyridinecarbaldehyde 2-pyridyl-
hydrazone (PAPH), and its analogs.®>—>

Irving et al. vigorously studied the equilibria of tran-
sition metal ions with 1,10-phenanthroline (phen) and
its analogs and discussed the results from a stand-
point of the linear free energy relationship (LFER).5—9
They plotted the formation constants of substituted-
phen complexes against those of phen complexes in log-
arithmic units and noticed the steric hindrance of 2-
methyl and 2-chloro substituents.””® Sun and Brewer
plotted log Ky, against pK, for the formation of Ag-
(1), Cu(II), and Ni(II) complexes with a series of pyr-
idine derivatives,'® in which the slopes obtained were
not necessarily unity. They associated the magnitude
of the slopes and the intercepts with the degree of 7t
bonding in the systems and further noticed the steric
hindrance of 2-methyl and 2-amino substituents.

An abbreviated expression of the structural formula
of the ligands examined are shown in Chart 1. These
hydrazones are classified into three groups; A, B, and
C. The R, and R; of group A hydrazones are 2-pyridyl,
5-substituted 2-pyridyl, or 1-isoquinolyl rings. The R;
or/and Ry of group B hydrazones, that is, 6-methyl-2-
pyridyl or/and 2-quinolyl rings, cause a steric hindrance
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Chart 1.

in complexation with metals. The R3 of group A and B
hydrazones is hydrogen, but the R of group C hydra-
zones is 2-pyridyl ring.

In this study the formation constants of the nickel-
(IT) complexes with thirteen heterocyclic hydrazones in
28% aqueous dioxane solution were determined. The
thermodynamic parameters for the formation of some
Ni(HL)?* complexes were determined by the tempera-
ture-coefficient method. The electronic spectra due to
the d—d transitions were measured for Ni(HL)?* and
Ni(HL)22* complexes and the ligand-field parameter,
D,, and the ligand field stabilization energy (LFSE) for
these complexes were also obtained. The equilibria of
nickel(II) ion with the hydrazones were discussed from a
standpoint of LFER together with the thermodynamic
parameters and LFSE.

Experimental

Reagents and Chemicals. The thirteen hydrazones
studied in this work were PAPH, 2-pyridinecarbaldehyde
5-methyl- 2- pyridylhydrazone (PA5SMPH), 2-pyridinecarb-
aldehyde 5-chloro-2-pyridylhydrazone (PA5CPH), 2-pyri-
dinecarbaldehyde 5-nitro-2-pyridylhydrazone (PASNPH), 1-
isoquinolinecarbaldehyde 2-pyridylhydrazone (iQAPH), 2-
quinolinecarbaldehyde 2-pyridylhydrazone (QAPH), 2-pyr-
idinecarbaldehyde 2-quinolylhydrazone (PAQH), 2-quin-
olinecarbaldehyde 2-quinolylhydrazone (QAQH), 6-meth-
ylpyridine-2-carbaldehyde 2-pyridylhydrazone (6MPAPH),
6-methylpyridine-2-carbaldehyde 6-methyl-2-pyridylhydra-
zone (6MPAG6MPH), di-2-pyridyl ketone 2-pyridylhydra-
zone (DPPH), di-2-pyridyl ketone 2-quinolylhydrazone
(DPQH), and di-2-pyridyl ketone 5-nitro-2-pyridylhydra-
zone (DP5NPH), all of which were prepared as described
earlier.'?) Nickel(II) nitrate was dissolved in water contain-
ing a small amount of hydrochloric acid and standardized
against a 1x1072 M (M=moldm~%) EDTA solution using
murexide as an indicator.



March, 1994]

When necessary, acetic acid, 2-morpholinoethanesulfon-
ic acid, and piperazine- N, N'-bis(2-hydroxypropanesulfonic
acid) (Dotite Good’s buffer) were used combined with hy-
drochloric acid or potassium hydroxide. Dioxane was freshly
distilled before use. All organic and inorganic chemicals
were of analytical-reagent grade.

Methods. Because of the low solubility of the ligands
in water and the mutual comparison of the results, the mea-
surements were mainly done in 28% (v/v) aqueous dioxane
solutions of an ionic strength of 0.2 M (KCl) at 25 °C. The
acid dissociation constant, K,3, for the dissociation of imi-
no proton of a ligand was previously determined in aque-
ous solution by using the H_ function except for PASNPH
and DP5NPH.!V) Spectrophotometric and pH measurements
were done in the manner described earlier.!”) The pH read-
ings were corrected by using 28% (v/v) aqueous dioxane so-
lutions of known HCI concentrations (3.5x1073—1.0x1072
M) to obtain the hydrogen ion concentrations. All the
equilibrium constants determined were therefore the con-
centration constants. Plot of the values of (pKa1+pKaz) or
log 1 in 28% (v/v) aqueous dioxane vs. those in water!?
gave a straight line with unit slope regardless of ligands
used. As described elsewhere,'? thermodynamic parame-
ters for the formation of Ni(HL)?>" complexes with several
hydrazones were determined by the temperature-coefficient
method. Plots of log 81 against 1/T (8—40 °C) gave good
straight lines so that the values of A H and A S were obtained
from the slope and intercept, respectively, of the equation,
log /1=AH /2.303RT—AS/2.303R, where R is the gas con-
stant (R=8.3144 JK ! mol™1).

Calculations. The equilibria of hydrazones with pro-
ton or nickel(II) ion are defined in Table 1. As previously
described,'® the values of unknown constant and molar ab-
sorptivity were refined to give the minimum error squares
sum, U =2(Ai'obs—A¢,cal)2, using non-linear regression with
the aid of a computer. The goodness-of-fit between A; s
and A; . were always checked by using a visualization tool
(on a display of the computer) so that the scattering of the
deviation of any data points were averaged. The results
are tabulated in Table 2. The standard deviation, o;, for
each Kj listed in the table is defined as the maximum dif-
ference, o(K;)=D;=max(Kp — Kmin);, between the value
of K; at any point on the “D boundary”, introduced by
Ingri and Sillén,'® and the value, Kmin, at the minimum
where the “D boundary” corresponds to the U contour;
U = Umin+ Umin/(n—m) for the number of data points, n,
and the number of unknown constants of K;, m. For the
_ regression analysis!? of equilibrium data, the best straight
line through = and y coordinates was calculated by minimiz-
ing the weighted sum of the squares of the z and y residu-
als. The value of weight, A, was evaluated by the equation:
A=(0z/0y)"/? where the standard deviations of the equilib-
rium data, oz and oy, correspond to o(K;).

Results

The schematic diagram for equilibria of nickel(II) ion
with hydrazone is illustrated in Fig. 1. The definition
of each equilibrium constant is listed in Table 1. K,3,
Ko, Ka1, Kc1, Koo, Kaco, Kac1, and K,co were all deter-
mined spectrophotometrically and 3;, B2, 31, and G5’
were obtained by the calculation based on the thermo-
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Fig. 1. Scheme for equilibrium relationships between
each species of hydrazone in the presence and the
absence of nickel(II).

dynamic cycle. The acid dissociation constants, K3,
K2, and K,;, of ligand were determined in a similar
manner as described elsewhere.!V)

Proton Dissociation of 1:2 Ni(II)-Hydrazone
Complexes. Nickel(II) ion forms a 1:2 complex
with hydrazone, HL, in a weakly acid solution contain-
ing nickel(IT) ion and (5—40)-fold molar excess of hy-
drazone. Two imino protons of the complex formed suc-
cessively dissociated with increasing pH, accompanying
a significant shift in the absorption maximum from the
near ultraviolet to the visible region. The absorbance,
A, of the solution at a wavelength of maximum absorp-
tion for NiLs is given by

A = eca[Ni(HL),*t] + ec1[Ni(HL)L] + £co[NiLs], (1)

where .2, €c1, and e refer to the molar absorptivities
of the species Ni(HL),2*, Ni(HL)L*, and NiL,, respec-
tively. The values of K,c1, Kaco, €c2, €c1, and ecq were
refined by using non-linear regression with the aid of a
computer. i
Formation of Ni(IT)-Hydrazone Complexes.
For the sake of understanding, the absorption spectra
of the ligand and the 1:1 and 1:2 complexes formed in
nickel(II)-DPQH systems, which were recalculated by
using all the equilibrium data obtained, are depicted in
Fig. 2. Similarly to free ligands, HL, HoL*, and H3L2™,
the complexes having an undissociated imino proton,
Ni(HL)?*, Ni(HL)L*, and Ni(HL),2*, show an absorp-
tion maximum in the near ultraviolet region, shifting
to the visible region by the dissociation of the imino
proton. The plots of absorbance vs. pH are depicted
for 0:1 and 1:2 molar ratios of nickel(II) to DPQH in
Fig. 3. In the plot of the latter molar ratio, a sigmoid
curve above pH 3.5 can reasonably be interpreted by
two successive proton dissociations, indicating that the
imino protons of the Ni(HL)22* complex formed below
pH 3.5 dissociate successively with increasing pH. Fur-
ther, the plots of apparent molar absorptivity vs. pH for
varying molar ratios of nickel(II) to DPQH are depicted
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Table 1. Equilibria of Ligands and Their Nickel(II) Complexes
Equilibrium Definition of constant
HsL >t =H,L' +H" Kar=[HL*][H]/[HsL*F]
H,L+t=HL+H* Kap=[H"][HL]/[H>L*]
HL=L"+H* Ka3=[L"][H*]/[HL]
NiZ* +H; L2 =Ni(HL)?* +-2H"* Ko =[Ni(HL)**|[H*]?/[Ni®**][HsL**]
Ni?*+HL=Ni(HL)** B1=[Ni(HL)?*]/[Ni®*][HL] ¥
Ni(HL)>*=NiL*t+H* Kaco=[NiL*][H*]/[Ni(HL)?*]
Ni**+L~=NiL* By =[NiL*]/[Ni?*][L7]
Ni?t+2H;3L2 T =Ni(HL) T +4H* Keo=[Ni(HL).?*][H*]*/[Ni**][H3L2*)?
Ni?*+2HL=Ni(HL),** B2=[Ni(HL),2*+]/[Ni**][HL)? ©
Ni(HL).**=Ni(HL)L*+H"* Kac1=[Ni(HL)L*][H*]/[Ni(HL)2>*)
Ni(HL)L+=NiLo+H* Kac2=|NiLg][H*]/[Ni(HL)L*]
Ni?* 2L~ =NiL, By =[NiLg]/[Ni*][L7]? ¢
a) log 1 = log Kc1 + pKa1 + pKa2. b) log 81" = log f1 — pKaco + PKa3.
c) logB2=log Kco+2(pKa1+pKaz). d) logfB2’=log B2 —pKac1 —PKac2+2pKa3.
Table 2. Equilibrium Constants of Hydrazones and Their Nickel(II) Complexes at 25 °C.
Ligand
Constants 1 2 3 4 5 6 7
PAPH PASMPH PA5SCPH PA5SNPH iQAPH QAPH PAQH
pKa1 2.65+£0.01  2.80+0.01 1.4240.01 —0.45+0.04  3.03£0.01  2.33+0.01  2.33%0.01
pKaz 5.2740.01  5.57+0.01 4.2240.01 3.59+0.01  5.4740.01  5.01£0.01  5.60+0.01
pKasz® 14.8 £0.04 151 +0.05  14.1 £0.02  11.15+0.01 14.6 £0.04 14.1 £0.02 14.1 £0.02
log Ke1 0.374£0.02  0.16+0.02 1.8640.02 2.86+0.04  0.12+0.02 —0.68+0.02 —0.86%0.02
log Keo 0.90+£0.02  0.85+0.02 3.82+0.02 — 1.1440.02 —1.0940.04 —0.98+0.03
pKaco 7.68+0.05  8.38+0.03 7.5440.03 5.41+0.03  7.63+0.04  7.52+0.03 -  7.11£0.04
pKact 7.0840.01  7.34+0.01 6.10+0.01 — 6.2940.01  5.83+0.01  5.64+0.01
pKaco 8.50+£0.01  8.77+0.01 7.51£0.01 — 7.814£0.01  7.53+£0.01  7.41£0.01
log 1 8.294+0.02  8.5320.02 7.50+0.02 6.00+£0.04  8.62+0.02  6.66£0.02  7.08+0.02
log32 16.7 £0.0  17.6 £0.0 15.1 0.0 — 18.1 £0.0  13.6 £0.0  14.9 0.0
log (B2/51%) 0.12 0.54 0.10 — 0.86 0.28 0.73
log By 15.4 £0.1  15.3 £0.0 14.0 £0.0 11.8 £0.0  15.6 £0.0  13.2 £0.0  14.1 0.0
log By 30.8 £0.0  31.7 +0.0 29.7 £0.0 — 33.3 £0.0 284 +£0.0  30.1 £0.0
log (B4 /B1'%) 0.0 1.1 1.7 — 2.1 2.0 1.9
Ligand
Constants 8 9 10 11 12 13
QAQH 6MPAPH  6MPA6MPH DPPH DPQH DP5NPH
pKa1 1.96+0.02  3.1740.01 3.15+0.01 2.5140.01  2.23+0.01 —0.10+0.04
pKaz 5.44+0.01  5.56+0.01 6.06£0.01 4.8440.01  5.09+0.01  3.38+0.01
pKaz® 13.7 £0.02  14.8 £0.03  15.0 £0.03  15.4 +0.06 14.2 +0.02 11.9 +0.01
log Ko1 —2.884£0.02 —1.104£0.02  —3.54+0.01 1.4540.02  0.2540.02  0.1240.02
log Kc2 b) —1.5740.03  —7.46+0.01 2.86+0.02  0.91+0.02  1.14+0.04
pKaco 7.2940.03  8.20+0.04 9.05+0.04 6.48+0.05  6.56+£0.05  4.36+0.04
pKac b) 6.860.01 6.92+0.01 6.40+0.01  4.86+0.01  2.84+0.03
pKac2 6.7840.03  8.42+0.01 8.81+0.01 8.1840.01  6.87+0.01  4.15+0.03
log S 4.5240.02  7.63£0.02 5.67+0.01 8.80+£0.02  7.5740.02  6.96+0.02
log 32 b) 15.9 £0.0 11.0 £0.0 17.6 £0.0  15.6 £0.0  12.9 0.0
log (B2/B81) — 0.64 —0.34 0.00 0.46 —0.12
logBy/ 10.9 £0.0  14.2 +0.0 11.6 £0.0 17.7 £0.1 152 £0.1  14.5 £0.0
logBar 25.0 £0.0  30.2 £0.0 25.2 £0.0 33.8 £0.0  32.2 £0.0  29.7 +0.1
log (B7/6%) 3.2 1.8 2.0 -1.6 1.8 0.7

a) pKas was determined by H_ function in aqueous solution except for PASNPH and DPSNPH. b) log 32 —pKac1=4.35
(not determined separately because of precipitate).
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Calculated molar absorptivities of various species in the system Ni(II)-DPQH as a function of wavelength. O:

ligand (1) HL, (2) H3L?**, @: complex (3) Ni(HL)2*, (4) NiL*, (5) Ni(HL)2?*, (6) Ni(HL)L*, (7) NiL;.
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Fig. 3.

Absorbance vs. pH plots for DPQH and Ni(II)-DPQH system. Solid lines are calculated curves for each

possible species and sum of them. O: Cr=3.1x10"° M; @: Cni=1.6x10"° M, CL=3.1x10"% M; (a) H3L?*, (b)
H.L*, (c) Ni(HL)?*, (d) Ni(HL)22*, (e) Ni(HL)L*, (f) NiL;.

in Fig. 4, where the plot 1 corresponds to the points, @,
of the plot depicted in Fig. 3. The molar absorptivities
of the plateau regions formed at pH 3—4 for the plots
3—5 are obviously different from those for the plots 1
and 2. This supports the idea that a species different
from 1:2 complexes, i.e., 1:1 complexes, is formed in
the presence of a large excess of nickel(II) ion. Varia-
tions of the apparent molar absorptivity at pH 1—3 for
the plots 3 and 5 imply the proton dissociation of free
ligand together with the complex formation with nickel-
(IT) ion. The sigmoid curve for the plot 5 is superim-
posed on that for the plot 3, indicating the formation of
only one species of complex, i.e., Ni(HL)?*. In this pH
region, the absorbance, A, of solution at a wavelength
of maximum absorption for H3L?* is given by

A = e/ [Ni(HL)**] + e, [H, L D1, (2)

where ¢.1- and €, refer to the molar absorptivities of
the species Ni(HL)?* and H,L(®~V+(n=1—3), respec-
tively. The values of K.; and .1+ were refined by using
the known valeus of K1, Kao, €1, €2, and €3.

For the plots 4 and 5, the sigmoid curves in the pH
range 4—8 could not be completely interpreted by a
simple acid dissociation of Ni(HL)?*, suggesting the for-
mation of minute concentrations of 1:2 complexes even
in the presence of such a large excess of nickel(II) ion.
The formation of 1:2 complexes were confirmed at pH
3.5, 5.1, and 8.1 by the continuous variation method, in
which the downward curvatures observed at pH 3.5 and
5.1 in the range of Cni/(Cni+ Cr)>1/3 indicate an ad-
ditional formation of 1:1 complex. Such a downward
curvature was not observed at pH 8.1. For the plots
1—5, the following equilibrium is significant in the pH
region 5 to &:
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Fig. 4. Apparent molar absorptivity vs. pH plots for Ni(II)-DPQH system with different Ni(IT) concentrations. @,A,H:
CL=3.2x107° M (with 1-cm cell); A,O: CL=3.2x107% M (with 10-cm cell).

Keq

2Ni(HL)** '='Ni(HL),*" + Ni**, (3)

where Keq=[Ni(HL)22*][Ni?*]/[Ni(HL)?*]2. The con-
ditional equilibrium constant, K.q', under the ex-
perimental conditions used (Cp=6.2x10"% M and
Cni=5%x1075—7x10"2 M at pH 5.53) is defined as
Koo' =[Ni(HL)2'][Ni?*]/[Ni(HL)']> where [Ni(HL)'] =
[Ni(HL)2+]+[NiL*] and [Ni(HL)/] = [Ni(HL)s2*] + [Ni-
(HL)L*]+[NiLs]. The logarithmic expression of the
equation for K4’ is given by

[Ni(HL),]
[Ni(HL)']*

The plot of the left-hand side of Eq. 4 vs. —log [Ni2*]
gave a good straight line, the values of slope and inter-
cept (=log Keq') being 1.00 and 1.14, respectively. The
value of log K.’ can be evaluated by using the values of
pH and several equilibrium constants listed in Table 2.
The evaluated value of 1.10 is in good agreement with
the value of the intercept.

As mentioned for the plot 1, two imino protons of
the 1:2 complex, Ni(HL)22", formed at pH 1—3 disso-
ciate successively between pH 3 and 8, where the 1:1
complex, Ni(HL)?*, is also formed in a small concentra-
tion. The concentration of the 1:1 complex decreases
with increasing pH of the solution, and thus the proton
dissociation of Ni(HL)2* can be ignored in the analy-
sis of the plot 1. The absorbance, A, of solution at a
wavelength of maximum absorption for H3L?% is give
by

= log Keq' — log [Ni®*] (4)

A = Sen[H, LY 4 6.1/ [Ni(HL)?H)
+ €c2[Ni(HL),*¥] 4 ec1 [Ni(HL)L*] + eco[NiLz], (5)

where n=1—3. The values of K.a, €c2, £c1, and eco
were refined by using the known values of K., Ko,

K1, Kaci, Kaco, €1, €2, €3, and ec1-. The change in ab-
sorbance with pH for each species present in the system
is shown in Fig. 3. For the plots 4 and 5 in Fig. 4, the
proton dissociation of Ni(HL)?* between pH 4 and 8
accompanies a minor formation of Ni(HL)L* complex,
even in the presence of a large excess of nickel(II) ion
(cf. Fig. 5). At pH 5—7, about 30—40 h are required
to attain the complex formation equilibrium, especailly
100—120 h for the PAQH and QAPH systems. The
absorbance, A, of solution at a wavelength of maximum
absorption for H3L2" is given by

A = e [Ni(HL)**] + cor [NiL™] + ec2[Ni(HL),**]
+ £c1[Ni(HL)L*] + eco[NiLg], (6)
where e is the molar absorptivity of the species NiLt.
The values of K, and e.or were refined by using the
known values of Kac1, Kaco, €co, €ciy €co, and ecypr.
The formation of a hydrolyzed nickel(II) species, Ni-
(OH)*,1516) was considered in determining K,.9. The
formation of uncharged bis complex, NiLy, is predomi-
nant in weakly basic solution even in the presence of a
500-fold molar excess of nickel(II) ion (cf. Fig. 5).
Electronic Spectra due to d—d Transitions for
Ni(HL)?* and Ni(HL)22* Complexes. Fig-
ure 6 shows the electronic absorption spectra of Ni-
(HL)?* complex with PASMPH, PAPH, and PA5CPH,
1:1 complex with 2,2’ : 6,2"-terpyridine (terpy), and Ni-
(HL)22* complex with PAPH. Each spectrum shows
a broadened main band in the lowest-energy range.
The 1:1 complexes are considered to be present as a
form of Ni(HL)(H20)32* in aqueous solution, the spec-
tra being interpreted on an Oy ligand-field model as a
first approximation. The main band of each complex is
assigned to the spin-allowed transition 3Ag;—3T5g.17
The wavenumber, v, of the center of the broadened
band is 11240 cm™! for the complexes with PAPH,
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Fig. 5. Distribution diagram of Ni(II)-DPQH sys-
tem. (a) CL=3.2x107% M, Cni=1.6x10"° M; (b)
CL=32x10"% M, Cni=1.6x10"% M; (1) Ni**, (2)
Ni(HL)2*, (3) Ni(HL)2>", (4) Ni(HL)L*, (5) NiLo,
(6) HaL2*, (7) HoL™, (8) NiL*. The dotted lines
represent coloring species.

PA5SMPH, and PA5CPH and 11920 cm™! for that with
terpy. Each broadened main band is considered as
a double-humped band, two peaks of which are lo-
cated in the range of 1,200 cm™!. Similarly the
complexes with DPPH and DP5NPH had a broadened
band at 112604210 and 112904210 cm ™1, respectively.
The spectrum of PASNPH complex could not be ob-
tained because of the low solubility of the complex. In
the cases of the complexes with PA6MPH, 6MPAPH,
6MPA6MPH, and PAQH which bear blocking group-
(s), the main bands were not broadened, the maximum
wavenumbers, Vmax, being 10220, 10220, 9350, and
10220 cm ™!, respectively. Each spectrum of Ni(HL),%*+
complexes also had a main band without any broadened
shape, the vgax (cm™!) being: 12690 for HL=PAPH,;
12720 for HL=PA5CPH; 12010 for HL=6MPAPH,;
10990 for HL=6MPA6MPH; 12760 for HL=DPPH; and
12680 for terpy. The wavenumber of 8550 cm~! was
obtained for vpax of nickel(II) ion in the aqueous diox-
ane. The ligand-field parameter, D,, was then obtained
for each 1:2 complex from the corresponding vy,,x the
band of which corresponds to the spin-allowed transi-
tion 3Ag,—3T9,. For each 1:1 complex, the D, value
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Fig. 6. Electronic absorption spectra of Ni(II) com-
plexes. (a) PASMPH, CL=25x10"3 M, Cni=

8.0x10™ M; (b) PAPH, CrL=2.6x10"% M, Cni=
8.0x10™! M; (c) PASCPH, CL.=2.5x10"2 M, Cni=
8.0x10™! M: (d) terpy, CL=2.5x10"% M, Cni=
8.2x107! M; (e) PAPH, CL=2.6x10"% M, Cni=
1.3x107% M.

was roughly estimated from the corresponding v or

Vmax .
Discussion

Although some equilibrium constants for the nickel-
(II) complexes with PAPH in aqueous solution have
been reported by Green et al.® (log;=8.3, log 2=
18.5, pKac1=7.42, pKac2=8.61, and log B2'=32 at /=0
and 25 °C), there are no available data for comparison
with ours in aqueous dioxane solution.

All the hydrazones examined act as planar triden-
tate ligands, their complexing ability being compara-
ble to that of terpy. The distribution diagram for
the Ni(IT)-DPQH system is shown as a typical exam-
ple in Fig. 5, characterizing the complexation between
nickel(IT) ion and a hydrazone with respect to the fol-
lowings: First, protonated complexes are almost com-
pletely formed in fairly acid solution, which are subse-
quently deprotonated with increasing pH to form col-
ored complexes. The resulting fully deprotonated col-
ored complexes are the most stable of the Ni(II) com-
plexes with NN- and NNN-multidentate ligands so far
reported (cf. Table 2). Second, hydrazone forms pre-
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dominantly 1:2 metal to ligand complexes with nickel-
(II) ion abve pH 7 even in the presence of a 500-fold
molar excess of nickel(II) ion. As seen from Table 2,
the values of log(B2/51%) and log(B2'/B1'?) are posi-
tive for almost all complexes. For the Ni(II) complexes
with diethylenetriamine(dien) and terpy as NNN-tri-
dentate ligands, the values of log((32/3,%) are —2.4'®
and +0.4,'9 respectively. For heterocyclic ligands such
as PAPH and terpy, the successive formation constants
of the 1:2 complex are nearly equal or rather large com-
pared with those of the 1: 1 complex, which is character-
istic of ligands bearing sp? hybridized nitrogen(s).?® It
is very interesting that the trend is maintained even for
the complexes with hydrazones bearing blocking groups.

For the complex formation between a particular metal
ion and a series of homologous ligands, the formation
constant, Ky, has often been related to the dissocia-
tion constant, K,, of the ligand: log Ky = alog K, + b,
where a and b are constants.?>:??) The tridentate hydra-
zones used in this work bear three nitrogens as coor-
dinating atoms, i.e., two heterocyclic nitrogens of R;
and Ry and an azomethine nitrogen. As pointed out in
a previous paper,'V the neutral form, HL, of PAPH is
first protonated at the Ry pyridine-nitrogen while the
protonation site is reversed to the R; pyridine-nitrogen
by the introduction of a strongly electron-withdrawing
group such as a chloro or nitro group into the 5-posi-
tion of Ry pyridyl ring. It is adequate in a discussion
on LFER, therefore, that log 3, (n=1 and 2) is plot-
ted against neither pK,; or pK,2 but (pK,1+pKaz)/2.
The plots of log /4y and log B2 vs. (pKa1+pKaz)/2 are
depicted in Fig. 7. Each plot of log 51 and log B35 for the
5-subsitututed PAPH and iQAPH (as group A hydra-
zones) displays a good straight line. The equations for
the lines are given by

log B = 0.95 (pKa1 + pKaz) /2 + 4.60 (1)
log B2 = 1.90 (pKa1 + pKa2) /2 + 9.64, (8)

with the absolute correlation coefficients 0.993 and
0.963, respectively. To compare Eq. 8 with Eq. 7, Eq. 8
should be rewritten as:

1/21og B2 = 0.95 (pKa1 + pKaz) /2 + 4.82, (9)

the slope being equal to that of Eq. 7.

The values of log ;' and log B>’ must be essentially
plotted against those of (pK,1'+pKa2')/2 for the proton
dissociations of R; and Ry pyridinium groups of the
negatively charged species, L™, but the pK,’ values are
immeasurable because the species L~ is first protonated
to the imino nitrogen. The valeus of log 31’ and log S5’
are plotted against those of (pK,1+pKaz)/2 anyhow in
Fig. 8. Similarly to the plots of log 81, the plot of log 51’
for group A displays a good straight line:

log 81’ = 1.40 (pKa1 + pKa2) /2 + 9.73, (10)
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Fig. 7. logpi or logB2 vs. (pKa1+pKaz2)/2 plots for
Ni(II)-hydrazone complexes. Open symbols: log S,
Closed symbols: log ;. ©,@®: group A hydrazones,
Vv,¥: group B hydrazones, A,A: group C hydrazo-
nes. Numbers refer to ligands in Table 2.

with the absolute correlation coefficient of 0.989. This
suggests that a linear relationship between (pK,;+
pKa2) and (pKai'+pKao') exists in a series of hydra-
zones having no steric effect in the complexation. On
the other hand, the plot of log 3>’ for the complexes
with group A hydrazones except for iQAPH displays
also a straight line but shows significant scatter.

Sun and Brewer!? suggested a relationship (log Kni=
0.268pK,+0.441) between the formation constants of
1:1 Ni(II) complexes with a series of substituted pyr-
idines as monodentate ligands and pK, of the ligands.
As the hydrazones are tridentate ligands and for com-
parison with Egs. 7 and 10, the above relationship
should be rewritten as

3log KniL = 0.804 pK. + 1.323. (11)

The order of the magnitude of the slopes in Egs. 7, 10,
and 11, is the same as that of log 3 of the complexes
with the corresponding unsubstituted ligands (pyri-
dine<HL<L™). Although there have been no available
data for the complexes with NN-bidentate ligands such
as 2,2'-bipyridine(bipy) and phen, it is interesting that
a larger effect of substituent on complex formation is
found in more stable complexes.

In Figs. 7 and 8, the points lying downward of each
line of group A hydrazones are considered to form two
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Fig. 8. logpB:i’ or log B2’ vs. (pKa1+pKaz2)/2 plots for
Ni(II)-hydrazone complexes. Open symbols: log O1,
Closed symbols: logB2. For logfB:2’ solid line was
drawn except for iQAPH. ©,@®: group A hydrazones,
v/,¥: group B hydrazones, A,A: group C hydrazo-
nes. Numbers refer to ligands in Table 2.

straight lines roughly parallel to that of group A. These
hydrazones, which are classified as group B, bear one or
two methyl group(s) adjoining to the donor pyridine-
nitrogen atom or one 2-quinolyl group. The 2-quinolyl
group of hydrazone also acts as a blocking group in
complexation with metals owing to the methine hydro-
gen atom at 8-position, the extent of destabilization by
this group being the same as that by a methyl group.
The log B value of group B hydrazone was smaller than
that (=log fpre) predicted from the pK, value of the
hydrazone according to Eqs. 7 and 8, or 10. The dif-
ference (Alog B=log 3 —1log Bpre) is represented as the
destabilization energy (A(AG)shn=—RTAlogf). Sim-
ilarly, the values of A(AG)sn was estimated from the
distance between the two lines of group A and B hy-
drazones. The estimated values of A(AG)gp, of the 1:1
complex, Ni(HL)?*, were 6.9 and 19.4 kJ mol~? for one
and two blocking groups in a hydrazone molecule, re-
spectively. In the case of the NiL™ complex, the values
of 8.3 and 23.1 kJmol~! were estimated for one and
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two blocking groups, respectively. These values are not
much larger than the corresponding values of Ni(HL)2*
complex. An application of a space-filling model®® in-
dicates that a steric hindrance in the formation of a
1:1 complex arises from a steric repulsion between the
water molecule coordinated in the NNN-plane and the
methyl group adjoining to a donor nitrogen atom or the
methine hydrogen atom at the 8-position of the quinolyl
group. The A(AG)s, value for two blocking groups is
beyond twice the A(AG)gp value for one blocking group,
suggesting that these two blocking groups obstructing
the entrance of NNN-chelate ring multiplicatively en-
hance the steric hindrance. The values of A(AG)sp of
the 1:2 complexes, Ni(HL),2*, were estimated to be
13.7 and 41.4 kJ mol~! for one and two blocking groups
of a hydrazone molecule, respectively. Judging from a
space-filling model, a steric hindrance in the 1:2 com-
plex should be caused by a steric repulsion between a
blocking group of the coordinated ligand and a part
of the second ligand (i.e., the nitrogen atom of azo-
methine), the cause being definitely different from that
for the 1:1 complex.

We have widely used the hydrazones belonging to
group C for the spectrophotometric determination of
metals and anions’?42% on the basis of certain analyt-
ical advantages such as formation of intensely colored
complexes and an appropriate solubility of ML in or-
ganic solvent. In Fig. 7, the points for the 1:1 com-
plexes, Ni(HL)?*, with DPPH and DP5NPH lie up-
ward the line for the 1:1 complexes of group A hydra-
zones. The enhanced stabilization can be attributed
to A(AG)en, which is calculated in a similar man-
ner as A(AG)sy- The average value of A(AG)en for
DPPH and DP5NPH complexes was estimated to be
—4.0 kJmol~!. The two pyridiens bonded to the for-
myl carbon of ligand restrict mutually their own rota-
tion, which might contribute to the stabilization of the
complex by a so-called “preorganization”.2” The value
of —3.7 kJ mol~! was obtained as A(AG)ey, for the 1:2
complex, Ni(HL)22*, with DPPH, which corresponds
to that of —1.9 kJmol~! per ligand. The extent of sta-
bilization of the 1:2 complex with group C hydrazones
is smaller than that of the 1:1 complex. This cannot
be interpreted only by the “preorganization”. As men-
tioned below, the ligand field stabilization energies of
1:1 and 1:2 complexes with DPPH are nearly equal,
respectively, to those of 1:1 and 1:2 complexes with
PAPH, suggesting that the uncoordinated pyridine of
the complexes does not substantially affect the strength
of metal-ligand bonds. A space-filling model applied to
the 1:1 complex with DPPH suggests the presence of a
hydrogen bond or the structure formation of hydration
between the uncoordinated pyridine-nitrogen and the
water molecule coordinated to the z axis in octahedral
coordination. The 1:2 complex with DPPH has no ad-
vantage in stabilization. The value of —16.0 kJ mol~!
was obtained as A(AG)en for the NiLt complex with
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DPPH, which is evidently larger than that of the Ni-
(HL)?* complex. The basicity of the uncoordinated
pyridine in NiL* complex is significantly higher than
that in Ni(HL)?* complex. This would bring about a
further stabilization of the former complex.

The thermodynamic parameters for the formation of
Ni(HL)?* complexes with PAPH, PA5SCPH, and PAQH
were determined but those of the PASNPH complex
could not be determined because of the low solubility
of HL below 20 °C: —AG=47.9 kJmol™!, —~AH=42.6
kJmol™!, and TAS=5.3 kImol~! for the PAPH com-
plex; —AG=42.8 kJmol™!, —~AH=35.0 kJmol™!, and
TAS=7.8 kJmol~! for the PASCPH complex; —AG=
41.2 kJmol™!, —AH=31.1 kJmol™!, and TAS=10.1
kJmol~! for the PAQH complex. The results indi-
cates that formation of the 1:1 complex is enthalpy-
driven similar to that of most of amine and heterocyclic
amine complexes. In comparison with the PAPH com-
plex, the decrease in —AG for the PASCPH complex
is mainly attributed to the decrease in —AH result-
ing from the electron-withdrawing effects of the chlo-
ro group. The formation of the PAQH complex is less
exothermic and accompanied by a large increase in AS
compared with that of the PAPH complex owing to a
steric hindrance of the quinolyl group. This corrob-
orates that the steric hindrance is accompanied by a
release of water molecules from 1:1 complex, that is,
steric disruption of solvation of the complex by the
blocking group.

As shown in Fig. 6b, the electronic spectrum (d—
d transition) of the Ni(HL)?T complex with PAPH
consists of three bands; a broadened main band in
the lowest-energy range, a shoulder in a higher-en-
ergy range, and probably another band obscured by
a much stronger coordinated-ligand absorption. Lions
et al.'” assigned them to the spin-allowed transiton
3A2g—3To, (11100 cm™1), the spin-forbidden transition
3A5,—'Eg (13500 cm™1), and the spin-allowed transi-
tion 3A9,—3T14(F) (16500 cm™?), respectively, and ex-
plained the broadened main band in terms of the rhom-
bic low-symmetry field components. These wavenum-
bers for the particular d—d transitions agree with ours.
The lowest-energy band with a broadened or double-
humped shape has been observed for other nickel(II)
complexs?—29 such as Ni(bipy)?*, Ni(en)32* (en=eth-
ylenediamine), and Ni(phen)32+.

The value of LFSE for a nickel(I1T)-hydrazone com-
plex as an octahedral complex was calculated ac-
cording to the formula: AHprsg=12(D, (complex)—
D, (hydrate)), where D, (complex) and D, (hydrate)
are the ligand-field parameters for a complex and aqua
nickel(II) ion, respectively.3® The AHs psg of each
1:2 complex was calculated to be 59.4 kJmol~! for
PAPH, 59.8 kJmol~! for PA5CPH, 60.4 kJ mol~! for
DPPH, 49.7 kJ mol~! for 6MPAPH, and 35.0 kJ mol~!
for 6MPA6MPH. For the N3Os complex, Ni(HL)-
(H20)32*, the value of AHjrrsg was calculated by
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using the approximate D, value of the 1:1 complex:
38.642.4 kJ mol~—?! for PAPH, PASMPH, and PA5CPH;
38.9+2.5 kJmol~! for DPPH; 39.34+2.5 kJmol~! for
DP5NPH; 23.7 kJ mol~! for 6MPAPH, PA6MPH, and
PAQH; and 11.5 kJ mol~! for 6MPA6MPH. The value
of AHs1rsg of the PASCPH complex is nearly equal
to that of the PAPH complex. Simiarly the values
of AHs1rsg of ligands bearing no blocking group are
nearly equal to one another. These suggests that an
inductive effect by substituent dose not so much affect
the ligand field of a complex. On the other hand, the
introduction of blocking group(s) significantly decreases
the value of AHprsg indicating that the strain of the
bond, induced by blocking group(s), largely influences
the ligand field of a complex. The LFSE of a com-
plex is usually related to the enthalpy change, AH, of
formation of the complex. For the PAPH and PAQH
complex, the difference between the values of AH L rsE
is comparable to that of —AH.

According to the law of average environment,®? the
values of 10 D, (cm~!) of Ni(HL)(H20)32* complexes
were calculated by using the values of 10 D, of Ni-
(HL)2%* and Ni(H20)g2* (=8550 cm™!). The differ-
ences between experimental and calculated values were:
+620 cm~?! for PAPH; +600 cm~! for PASCPH; +605
cm~! for DPPH; —60 cm™! for 6MPAPH; and —420
cm~! for 6BMPA6MPH. The order of the values is com-
patible with the reverse of the extent of steric hindrance
by blocking group(s).

The authors thank Dr. Yutaka Fukuda, Institute for
Molecular Science (Okazaki), for his valuable advice in
the interpretation of electronic spectra.
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