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In neutral aqueous media pyridoxal isonicotinoylhydrazone (PIH), pyridoxal benzoylhydrazone (PBH), salicylaldehyde iso- 
nicotinoylhydrazone (SIH), and salicylaldehyde benzoylhydrazone (SBH), which show interesting potential for iron mobilization 
in living cells, form bicomplexes with Fe(I1) in two kinetically distinguishable steps. The first is fast and is ascribed to complex 
formation with a single ligand; second-order rate constants are 1.65 X lo5, 1.70 X lo5, 0.85 X lo5, and 0.60 X lo5 mol-’ dm3 S-I 
for PIH, PBH, SIH, and SBH, respectively. Bicomplex formation is slower and occurs for the same ligands with second-order 
rate constants 2.45 X lo4, 3.05 X lo4, 4.00 X 104, and 1.50 X lo4 mol-’ dm’s-l. The affinities of the four chelates to Fe(I1) are 
rather high, 7.7 X lo9, 12.5 X lo9, 0.60 X lo9, and 0.25 X lo9 mol-2 dm6, but cannot be directly correlated with their abilities 
to mobilize iron in vivo. 

F‘yridoxal isonicotinoylhydrazone (PIH), pyridoxal benzoyl- 
hydrazone (PBH), salicylaldehyde isonicotinoylhydrazone (SIH), 
and salicylaldehyde benzoylhydrazone (SIH) (Chart I) were 
synthesized in order to replace the drug desferrioxamine commonly 
used for mobilizing iron in the therapy of iron overload.’* Some 
of these ligands (e.g. PIH and PBH) are more efficient than 
desferrioxamine in mobilizing nonheme iron from the precursors 
of red 

A large number of spectroscopic and physicochemical analyses 
were performed mostly on PIHnS6 They showed that two ligands 
are usually involved in the complex with one Fe(III),7-9 with an 
estimated average constant log K N 8.7.s Moreover, it seems that 
even if Fe(I1) is involved in the complexation process, in the final 
complex the metal is always in the Fe(II1) form? The oxidation 
of Fe(I1) to Fe(II1) is probably enhanced by complex formation, 
as observed with some other ligands such as EDTA, oxalates, 
phosphates, citrates, etc.I0 In addition, the four compounds of 
Chart I probably exist as several structures related to the acidity 
of the medium.11J2 Each of these can complex iron differently. 
This associates complex formation and mobilization in vivo with 
the acidity of the cell compartments in which it occurs. These 
can be the mildly acidic (pH < 6) vesicles responsible for the 
transport of the iron-loaded transfer protein transferrin from the 
plasma membrane to its iron-demanding targets inside the 
Nonheme iron mostly occurs in vivo as Fe(III).1e17 However, 
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the latter is reduced to Fe(I1) by an enzyme (reductase) before 
its natural mobilization from the transferrin-loaded ve~icles.’~ This 
mobilization process also requires the presence of a reductant such 
as ascorbate and a Fe(I1) cytoplasmic camer.14 Moreover, Fe(I1) 
is considered as the form in which iron reacts in vivo with the 
synthetic chelating ligands of Chart I.3J6 This can explain the 
fact that, for example, PIH can mobilize iron from transferrin 
though the affinity of the latter for Fe(II1) is about 10I2 times 
greater than that of the chelate (affinity to transferrin is lV1 mol2 
dm4 and that to PIH mol2 dm4).5J4 All these arguments, 
which confirm the importance of complex formation with Fe(I1) 
in the metabolism of iron, and the lack of any kinetic and ther- 
modynamic knowledge concerning the behavior of the chelating 
ligands of Chart I with Fe(I1) led us to this chemical relaxation1*J9 
analysis of complex formation between PIH, PBH, SIH, and SBH 
with Fe(I1). 

Experimental Section 
PIH, PBH, SIH, and SBH were kindly provided by Professors 

Schulmann and Ponka from Montrhl, Canada. KCI (Merck Suprapur), 
H2SO4 (Prolabo RP), ethanol (Merck), and sodium cacodylate (Aldrich) 
were used without further purification. F&04 (Aldrich Gold-label) was 
used as received and stored under areon. Water was distilled twice under 
argon and stored under vacuum. 
Stock Solutioas. All stock solutions were used fresh and were prepared 

and handled under argon. FeSO, solutions (5 X 1V5 to 2 X lW3 M) were 
prepared by microinjections of weighed volumes of FeSO, (0.1 mol dm-) 
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each) in oxygen-free aqueous solutions of mol dm-3 HzS04. PIH 
and PBH solutions (4 X lo-’ to 5 X lo-” mol dm-’) were directly pre- 
pared in neutral cacodylate (0.01 mol d d )  buffers, while those of SIH 
and SBH were obtained by microinjections of concentrated ethanolic 
solutions into the buffer. The final ionic strength after mixing was 
adjusted to 0.2 mol dm-) with KC1, and the final pH was 6.86. 

pH Measurements. pH values were measured with a Radiometer 
pH-meter equipped with a ’Metrohm E. A. 125” combined electrode. 
Buffers used for pH standardization were pH 6.86 and 10.01 NBS 
standards (Becl~nan).’~ 

Spectrophotometric Measurements. Spectrophotometric measure- 
ments were performed under nitrogen at 25 f 0.5 “C on Cary C210 and 
Varian DMS 200 spectrophotometers both equipped with magnetic 
stirring devices and thermostated cell carriers. 

Stopped-Flow Measurements. Kinetic measurements were performed 
under argon on a Canterbury High-tech stopped-flow spectrophotometer 
equipped with a thermostated bath held at 25 f 0.5 OC and with a 
Hewlett-Packard memory unit. Output voltage was adjusted to 5 V for 
zero absorbance. Equal volumes of cacodylate buffered solutions of PIH, 
PBH, SIH, and SBH (4 X IO-’ to 5 X IO-” M) and FeS04 (4 X lo-“ to 

2 X M) were simultaneously injected into the mixing chamber 
(mixing time < 3 X lO--’s). The experimental signals were accumulated 
at least two times for each experiment. 

Signal Analysis. All the signals used were pure exponentials and were 
analyzed by the semilog and by the Guggenheim methods.I9 
Results 

PIH, PBH, SIH, and SBH consist of two different rings, each 
of which exists in the aqueous medium as several prototropic 
species.”J* Pyridoxal prototropic behavior has been thoroughly 
analyzed, and this species is known to be present in aqueous media 
under at least four pH-dependent structures.11J2 Furthermore, 
the isonicotinoyl moiety can protonate at the pyridine nitrogen, 
the salicylaldehyde can deprotonate at the hydroxyl, and finally 
the amine of the hydrazone bridge can be either deprotonated or 
protonated. These four synthetic ligands exist, therefore, in 
aqueous media as several pH-dependent conformations (Chart 
11). PIH represents the most general case and exists in aqueous 
media as at least five different pH-dependent structures (Chart 
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Figure 1. Absorbance spectra of PIH (cl = 1 X lo4 M) at (-) pH = 
3.19, (---) pH = 6.60, (-) pH = 10.08, and (-.-) pH = 11.92. 

h (nm) 

Table I. Prototaumerism pKs of PIH, PBH, SIH, and SBH 
cx" DK, * 0.04 DK, 0.04 DK, f 0.04 DK, i 0.04 
PIH 2.26 4.52 1.68 10.10 
PBH 4.59 8.47 11.40 
SIH 3.33 8.30 11.30 
SBH 6.11 

11). Each of the other synthetic ligands would, therefore, cor- 
respond to a case described in mechanism I. 
mechanism I 

H4LZ+ + H3L+ + H+ K1 = [H3L+][H+]/[H4L2'] (1) 

(2) 

(3) 

H3L+ + H2L + H+ 

H2L + HL- + H+ 

K2 = [HZL] [H+] /[H&+] 

K3 = [HL-] [H+] / [HZL] 

HL-+ L2- + H+ K4 = [LZ-][H+]/[HL-] (4) 

The facts that each of the structures of Chart I1 displays a 
typical absorbance spectrum (Figure 1) and that the differences 
between the successive pKs of the acid-base reactions involved 
in mechanism I are sufficiently large allow the use of the Benesi 
and Hildebrandt relation, which can be expressed for each of these 
acid-base equilibria asI9 

(5) 
in which AA = A - Af, AAf = A,, - Af, A is the absorbance, A,, 
is that of the acidic species, Af is that of the basic species, c1 is 
the analytical ligand concentration, and K is the dissociation 
constant. Linear least-squares regressions of the data against eq 
5 for each of the acid-base reactions of mechanism I permit the 
measurements all the pKs involved in the prototropic transfor- 
mations of PIH, PBH, SIH, and SBH (Table I). These results 
show that in the vicinity of neutrality, PIH, PBH, and SIH are 
present in one major form while PBH exists as the HzL and HL- 
structures. As already mentioned, iron mobilization can occur 
in endocytic vesicles, the pH of which varies from about 5.5 to 
neutrality.I3J4 The kinetics were, therefore, performed near 
neutrality (pH = 6.86). 

When Fe(I1) (concentration cz) is mixed with a neutral solution 
of each of the four ligands (concentration cl) ,  two cz-dependent 
modifications in the 300-500-nm absorbance spectrum of each 
of the chelates are observed. The first occurs for cz < c1/2, and 
the second is observed with a large excess of Fe(I1) (cz - 10cl). 
It can, therefore, be assumed that the first spectroscopic modi- 
fication results mainly from the formation of a complex between 

l /AA = 1/L4f + [H+]/AAfK 
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Figure 2. Differential absorbance spectra recorded after a fast stop- 
ped-flow mixing of two solutions of SIH and Fe(I1) for c1 = lo4 M and 
c2 = 8 X M at 25 OC and 0.2 M ionic strength (a) A,4 = A I  - AL, 
in which A ,  is the absorbance at the end of the fast phenomenon and AL 
is the absorbance of the ligand in the absence of iron; (b) AA = Af - AL, 
in which Af is the absorbance at the final state of equilibrium. 

Fe(I1) and two ligands when there is excess chelating ligand, 
whereas the second modification is probably due to complexes 
between Fe(I1) and one ligand when there is excess iron. We will, 
therefore, in a first assumption presume that Fe(1I) is complexed 
by one and two neutral ligands L. 

(6) 

(7) 

We were not able to measure K, = [Fez+] [HzLl/ [FeH2L2+] 
and K,, = [FeH2L2+] [HzL]/ [Fe(H2L)?+] by classical techniques, 
probably because their values are too close to each other to be 
determined by conventional spectrophotometric methods. 

Kinetic Analysis. When a cacodylate-buffered solution of SIH 
is mixed in a stopped-flow experiment with a mildly acidic Fe(I1) 
solution, two kinetic phenomena are observed in the 300-500-nm 
range. The first is a fast exponential modification of absorbance 
the amplitude of which depends on the wavelength. It is followed 
by a slower exponential which is also wavelength dependent. The 
differential absorbance spectrum measured at the end of the fast 
phenomenon, before the detection of the slow process, and that 
measured at the final state of equilibrium (Figure 2) led us to 
chose a wavelength where the amplitude of the fast process is the 
highest and another where it is negligible as compared to the 
amplitude of the slower phenomenon (Figure 3). Similar ob- 
servations were made with PIH, PBH, and SBH. Since all the 
observed kinetic signals were pure exponentials, they were treated 
as relaxation modes.19 

First Relaxation Process. Our kinetic experiments are per- 
formed in the direction of complex formation (concentration jump 
of [Fe2+] and [HzL]) and not in that of complex dissociation 
(concentration jump of [FeHzLZ+] - [Fe(HzL)2+] and [HzL]). 
In this case, if the fast phenomenon of Figures 2 and 3 is reaction 
7, reaction 6 will be rate-limiting, and reaction 7 will occur 
constantly during reaction 6. This leads to the observation of a 
single kinetic phenomenon describing the rate-limiting step.19 
However, two kinetic phenomena are detected for bicomplex 
formation (Figure 3). We, therefore, ascribe the fast relaxation 
of Figure 3 to the formation of monocomplex FeHzL2+ (reaction 
6) and the second one to the formation of bicomplex Fe(HzL)!2+. 
At the end of the fast relaxation and just before the beginning 
of the second process of Figure 2 (semiequilibrated state), the rate 
equation of reaction 6 is expressed as 

-d[FeH2Lz+]/dt = -k12[FeZ+l [HzLl + k2,[FeHZL2+] (8) 

In the most general case, if it is assumed that neutral species HzL 

Fe2+ + HzL & k21 FeH2LZ+ 

FeHzL2+ + HzL & k32 Fe(HzL)zz+ 
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Figure 3. Transmittance change after a fast stopped-flow mixing of two 
solutions of SIH (cI = IO4 M) and Fe(I1) (c2 = 2 X IO4 M) at 25 OC 
and 0.2 M ionic strength: (a) at h = 380 nm within a time range of 200 
ms; (b) at h = 440 nm. 

Table 11. Rate and Stability Constants for Monocomplex FeH2L 
Formation from Fe(I1) and PIH, PBH, SIH, and SBH 

ligand 10-5k12, mo1-I dm3s-’ k2, ,  s-I 10Sk,,, mol dm-’ 
PIH 1.65 f 0.10 2.15 f 0.20 1.30 f 0.15 
PBH 1.70 f 0.10 1.75 f 0.15 1.00 f 0.10 
SIH 0.86 f 0.05 7.35 f 0.85 8.50 f 0.80 
SBH 0.61 f 0.20 6.60 f 0.62 10.8 f 0.45 

of PIH, PBH, and SIH react with iron to form monocomplex 
FeHzLZ+, in the vicinity of neutrality the reciprocal relaxation 
time equation associated with reaction 6 can be expressed as19 

T ~ - ’  = klz([Fez+] + [HzL]) + kzl (9 ) 

The approximation of chemical relaxation cannot be applied on 
such a system, unless c2 3 2cl.z0 Moreover, [Fez+] and [FeHzLz+] 
cannot be directly measured in the reaction medium. They can, 
however, be determined at the semiequilibrated state from eqs 
10 and 1 1 ,  which are easily derived from the conservation of mass 

(10) 

(11) 

[Fez+] = cz - [FeHzLz+] 

[HzL] = cI - [FeHzLz+] 

[FeHzLz+] = 

and from K,,. Both equations require the knowledge of the K, 
value. Nevertheless, for K, < lo4 mol dm-3 (which is expected 
for similar chelating  ligand^^'-^^) and cz 2 2cl, [H,LI becomes 
negligible as compared to [Fez+]. It was, therefore, assumed that 
K,, < lo4 mol dm-3, and our experiments were performed at cz 
> 2cl. Linear least-squares regressions of the data for PIH, PBH, 
and SIH in eq 9 gave kI2, kzl,  and K,, for the three chelating 
ligands (Figure 4, Table 11). In this analysis, it was assumed 
that iron reacted with the neutral species of each of the four 

! M C Z  - CI + K c , )  + [(cz - c1 + KCJZ + 4c1~c,11’zl 
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Figure 4. Plot of c = [Fez+] + [H2L] against rI-l for the following: (a) 
PIH, intercept 2.15 f 0.20 s-l, slope (1.65 f 0.10) X lo5 mo1-I dm3 s-I, 
r = 0.9967; (b) PBH, intercept 1.75 t 0.15 s-I, slope (1.70 f 0.10) X 
los mol-’ dm3 s-I, r = 0.9964; (c) SIH, intercept 7.35 f 0.85 s-I, slope 
(8.5 f 0.50) X lo4 mol-I dm3 s-l, r = 0.9949; (d) SBH, intercept 6.60 
k 0.62 s-l, slope (0.60 f 0.06) X lo5 mol-l dm3 s-l, r = 0.9962. 

synthetic chelating ligands. However, iron can react with either 
the acidic species of the chelating ligand H3L+ and/or the basic 
species HL- (reactions 12 and 13). Reciprocal relaxation time 

(12) Fez+ + H3L+ -% FeH3L3+ ki, 

K:, = [Fez+] [H3L+] /[FeH3L3+] 

Fe2+ + HL- FeHL+ (13) 
kllll 

k‘ii 

K’:, = [Fez+] [HL-] / [ FeHL’] 

eqs 14 and 15 can be associated with reactions 12 and 13, re- 
specti~ely.’~J~ 

f - l  = k’lz[Fez+][H+]/([H+] + Kz) + klZl (14) 

p - I  k”12[Fez+]K3/([H+] + K3) + k’lZl (15) 

In both c~ses the s l o p  of regression lines a-c of Figure 4 (the 
klz  values reported in Table 11) lead under our experimental 
conditions (pH = 6.86) to Vl2 and k”12 values in the 108-109 mol-’ 
dm3 s-’ range, which is much too high as compared with sec- 
ond-order rates for first complex formation with iron.zl.zz 
Therefore, complex formation occurs between F$+ and the neutral 
species of PIH, PBH, and SIH with rates similar to those reported 
in the literature.z’.zz However, under our experimental conditions, 
SBH exists as two species, H2L and HL-, both of which can react 
with iron to form a complex (reactions 6 and 13). Reciprocal 
relaxation time equations associated with these two reactions are 
eqs 16 and 15, 

7-I’ = k12[FeZ+][H+]/([H+] + 4) + k2,  (16) 

The use these two equations does not permit to precise the 
nature of the PBH species involved in complex formation because, 
at pH = 6.86, K3([H+] + K 3 )  - [H+]/([H+] + K3).  Therefore, 
the slope of the line of Figure 4c (6.0 X lo4 mol-’ dm3 s-I) is 
probably the average rate for complex formation of the H2L 
and/or the HL- species of SBH with Fe2+. 

Second Relaxation Recess. Reaction 6 is faster than reaction 
7. It is, therefore, assumed that reaction 6 is constantly quili- 
brated during reaction 7. This allows the use of chemical re- 
laxation formalism18J9 to derive the equation of the reciprocal 
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Table IU. Rate and Stability Constants for the Formation of 
Bicomplex FeL2 from Monocomplex FeL for PIH, PBH, SIH, and 
SBH 

ligand 1O4kZ3, mol-' dm3 s-I k3z, s-I lo3&, mol dm-' 
PIH 2.45 * 0.15 0.25 f 0.05 1.00 f 0.09 
PBH 3.05 f 0.15 0.25 f 0.03 0.80 f 0.07 
PIH 4.00 f 0.25 0.80 f 0.07 2.00 f 0.20 
SBH 1.5 f 0.10 0.60 f 0.06 4.00 & 0.20 

relaxation time associated with reaction 7 whose rate equation 
can be expressed as 
-d[Fe(H2L)22+] /dr = 

Conservation of mass implies 

-k23[FeH2L2+] [H2L] + k32[Fe(H2L)22+] (17) 

A[H2L] + A[FeH2L2+] + 2A[Fe(H2L)22+] = 0 (18) 

A[FeH2L2+] + A[Fe(H2L)22+] + A[Fe2+] = 0 (19) 
Since reactions 6 and 3 are in a constant state of equilibrium 
during reaction 7, we can write 

A[FeH2L2+] = [H2L] ( A[Fe2+]) / K,, + [ Fe2+] (A[H2L]) /Kc, 
(20) 

W 2 L I  [H+l(A[HL-I)/Kz + [HL-l(A[H+l)/K2 (21) 

From eqs 17-21, we can deduce the reciprocal relaxation time 
equation associated with reaction 7 in neutral buffered media. 

72-l k236 + k32 (22) 
Here 6 = (2[Fe2+] + [H2L])[H2L]/y + (2Kc, + [H2L]). 
[FeH2L2+]/y, with y = Kcl + [Fe2+] + [H2L]. 

[FeH2LZ+] and [H2L] cannot be measured directly. The fact 
that in our experimental conditions cI > c2 leads to [Fe2+] > 
[H2L]. This, moreover, allows us to assume to a first approxi- 
mation that [FeH2L2+] > [Fe(H2L)22+] and [H2L]. A linear 
least-squares regression of the data with the simplified rate eq 
23 gives a first approximation to the elementary rate constants 

(23) 

k23 and k32 and complex formation constant Kc,. Knowing Kc,, 
given an approximation to Kc,, and given that at the final 
equilibrated state 

c1 = [H2L] + [FeH2L2+] + 2[Fe(H2L)2+] (24) 

c2 = [Fe2+] + [FeH2L2+] + [Fe(H2L)22+] (25) 
we can derive eqs 26-28, where X = [H2LI2 + Kcz[H2L] + KcIKc2. 

r2-l = 2k23clKc,/(Kc, + c2 - c1) + k32 

[Fe(H2L)22+] = [H2LI2c2/X (26) 

[FeH2L2+] = c2KC2[H2L]/X (27) 

[Fe2+] = c2Kc,Kc,/X (28) 

W2LI = l[(cz/Kc,)2 + (8~l~2/Kc,Kc,)1"2 - C2/KC,IKC,KC,/4CZ 

From eqs 24-28, considering the fact that under our experi- 
mental conditions [H2L] << [Fe2+], we can derive eq 29. 

(29) 
From eqs 26-29, we can deduce approximations to 6. A new 

linear least-squares regression of these estimates against 72-l gives 
new values of k23, k32, and Kc2, which allows a new 6 to be 
measured. This cycle is repeated until AK, (the difference be- 
tween the Ka estimate and that measured from the new regression 
line) is a mnimum. This corresponds to the best regression line 
achieved with our experimental data and, therefore, gives the best 
possible kZ3, k32, and K,, (Figure 5 ,  Table 111). However, in the 
case of SBH, bicomplex formation can occur with HL- and/or 
H2L, which lead us to regard the slope of the line of Figure 5d 
as the average second-order rate constant of bicomplex formation 
with Fe2+. 

o.2- 2.5 73 6x106M 0.6- 

Fv 5. Plot of 6 against T T ~  for the following: (a) PIH, intercept 0.25 
f 0.05 S-I, slope (2.45 f 0.15) X 104 mol-' dm3 s-I, r = 0.9937; (b) PBH, 
intercept 0.25 f 0.03 PI, slope (3.05 f 0.15) X lo4 mol-' dm3 s -I ,  r = 
0.9946; (c) SIH, intercept 0.80 i 0.07 s-l, slope (4.00 f 0.25) X lo4 
mol-I dm3 s-l; r = 0.99220; (d) SBH, intercept 0.60 f 0.06 s-I, slope 
(1.50 f 0.10) X lo4 mol-' dm3 s-l, r = 0.9956. 

Absorbance Spectra of FeH2L2+ and Fe(H2L)$+ for PtH, PBH, 
SM, and SBH. When a solution of H2L is rapidly mixed with 
Fe(II), we observe the two relaxation processes already reported 
in Figure 3. If c1 > c2, because reaction 6 is much faster than 
reaction 7, at the end of the first phenomenon and before the 
beginning of the second relaxation, c1 is totally transformed into 
FeH2L2+. At this precise moment, the absorbance spectrum would 
be due to FeH2L2+ and Fe2+ only (Figure 2), and at the final 
equilibrated state (after the end of the slow phenomenon of Figure 
3), the absorbance is due to H2L, Fe2+, FeH2L2+, and Fe(H2L)2+. 
Above 300 nm the contribution of Fe2+ to this absorbance is 
negligible, which allows the absorbance to be expressed according 
to the Beer-Lambert law as 

A = (tl[H2L] + e2[FeH2L2+] + e3[Fe(H2L)$+])l (30) 
in which e l ,  t2, and e3 are the molecular absorbance coefficients 
of H2L, FeH2L2+, and Fe(H2L)$+, respectively, and 1 is the optical 
path, which in our case is 1 cm. Equation 30 can also be written 
as 

(A - al[H2L] - E~[F~H~L~+])/[F~(H~L)~~+] = e3 (31) 

[H,L], [FeH2L2+], and [Fe(H2L)$+] can be deduced from eqs 
26-29. Equation 31 allows, therefore, the determination of e3 at 
any wavelength. This permits the absorbance spectrum of Fe- 
(H2L)22+ to be measured (Figure 6). 
Discussion 

It is accepted that complex formation occurs preferentially with 
the metal ion which has the highest degree of 0xidation.~2~~ This 
rule is not, however, restrictive, and with ligands such as phen- 
anthroline, dipyridyl, R-N-C, etc., complex formation occurs 
mostly with low-valency metal ions.23 Therefore, in the case of 
PIH, PBH, SIH, and SBH, the nitrogen of the hydrazone bridge 
would favor complex formation with Fe(II), while the two oxygens 
of the phenolate and of the carbonyl would form a more stable 
complex with Fe(III).22323 On the other hand, ligands with high 
affinity for Fe(II1) enhance the oxidation of Fe(II),'O which can 
be detected as an apparent modification of the redox potential 
of the metal ion in the com~lex.2~ This can explain the finding 
that even when complex formation occurs with Fe(II), the latter 
is detected as oxidized to Fe(II1) in the final product? Oxidation 
of Fe(I1) in the complex by atmospheric oxygen, for example, is 
much slower than complex formation.1o However, in order to avoid 
it, our experiments were performed under argon in oxygen-free 
media and in the absence of any reducible species. In addition, 
the kinetic analysis, which led us to propose a twestep mechanism 

(24) Ibanez, J. G.; Gonzalez, I.; Gardena, M. A. J .  Chrm. Educ. 1988,65, 
173. 
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Figure 6. Absorbance spectra at pH 6.86 of lo4 M of the H2L (-), FeH2L2' ( -a-) ,  and Fe(H2L)22t (-) species of PIH, PBH, SIH, and SBH as 
compared to the spectrum (- - -) measured at the final state of equilibrium for c, = 1 X lo4 M and c2 = 0.5 X lo" M at 25 O C  and 0.2 M ionic strength. 
The FeH2LZt spectra are measured at the semiequilibrated state just before the formation of Fe(H2L)22t after a fast [Fez+] + [H2L] mixing, while 
the spectra of Fe(H2L)22t are calculated by the use of eq 3 1. 

on the basii of the observation of only two relaxation modes, would 
not have been possible if oxidation was occurring during complex 
formation. Finally, the second-order rate constants measured for 
complex formation with PIH, PBH, SIH, and SBH (Tables I1 
and 111) are t pically those reported for Fe(I1) (about 104-106 
mol dm-' s-')2Yand cannot be ascribed to complex formation with 
Fe(II1) (second-order rates of about 50-10' mol-' dm3 s-')?~ We 
can, therefore, safely state that our kinetic and thermodynamic 
analysis concerns only Fe(1I) complexes. 

Complex StabWties. In Table IV, we report the stability 
constants of bicomplexes of PIH, PBH, SIH, and SBH with 
Fe(I1). X-ray and IR analyses seem to indicate that, in the crystal 
of the PIH-Fe(II1) complex, the ligands are in a tridentate 
conformation where phenol and hydrazide protons are transferred 
to the pyridine nitrogen atoms on the pyridoxal and the iso- 

Table IV. Affinity Constants for Complex Formation from Fe(I1) 
and 2 equiv of PIH, PBH, SIH, and SBH 

105~,,, IO~K,,, 1o-T 1 /KczKc,h 
ligand mol dm-' mol dm-' molm2 dm6 
PIH 1.30 1 .oo 7.7 f 1.2 
PBH 1 .oo 0.80 12.5 f 1.5 
SIH 8.50 2.00 0.60 f 0.10 
SBH 10.80 4.00 0.25 f 0.05 

nicotinoyl rings.7$* Therefore, these latter are both in a zwitterionic 
form (Chart 111). However, in aqueous media and in the absence 
of a metal ion, if the hydrazide proton transfer to the pyridine 
nitrogen of isonicotinoyl were to occur, the related zwitterion 
(Chart 111) would have a stability range in the pH 6 region 
(between the deprotonation pK of the hydrazone (pK4 = 10.1, 
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reaction 4, Table I) and that of the pyridinium (pKI = 2.26, 
reaction 1, Table I)). This is quite unlikely, because of the large 
difference between pK, and pK, (about 8). Additionally, in PBH, 
the isonicotinoyl is replaced by a benzoyl, which prevents the 
hydrazidepyridine prototautomerism and would, therefore, lead 
to a less stable complex with iron. Nonetheless, affinity constants 
of PIH and PBH for Fe(I1) are of the same order of magnitude 
(Table IV). This indicates that with Fe(II), in both complexes, 
PIH and PBH have a similar tridentate configuration which 
excludes the existence of a hydrazidepyridine zwitterion in the 
Fe(I1)-PIH complex. Therefore, the isonicotinoyl is probably 
engaged in the Fe”(PIH), complex in a neutral nonzwitterionic 
configuration. This analysis does not apply to SIH for which the 
difference between the pK of pyridine protonation (pK, = 3.33, 
Table I) and that of phenolate protonation (pK, = 8.30) is about 
5 .  This can lead to a zwitterion with a stability range in the pH 
6 region and which can be involved in complex formation. This 
zwitterion cannot, of course, occur with SBH, which can explain 
the lower affinity of the latter for iron as compared to that of SIH 
(Table IV). As for the pyridoxal moiety in neutral aqueous media, 
it is zwitterionic”J2 and is probably directly involved in the Fe(I1) 

and Fe(II1) complexes with PIH and PBH. This can also explain 
the higher stabilities of these complexes as compared to those of 
SIH and SBH. 

Affinity of PIH, PBH, SIH, and SBH for Fe(II) and Efficiency 
in Its Mobilization. Concluding Remarks. Iron is usually 
transported into the cell by the interaction of transferrin with a 
specific receptor situated in the plasma membrane and by the 
formation of a lipid vesicle containing both receptor and transferrin 
which is internalized in the  ell.^^.'^ After internalization of 
(Fe’+),-transferrin, iron is released within acidic vesicles, and the 
iron-depleted protein is recycled back to the plasma membrane.13J4 
It is strongly supported that iron mobilization from transferrin 
occurs according to four sequential steps: (1) acidification of the 
Fe1It2-transferrin-coontaining endocytic vesicles; (2) enzymic re- 
duction of Fe(II1) to Fe(I1); (3) movement of Fe(I1) through the 
membrane by a concentration gradient process; (4) chelation of 
Fe(I1) by cytoplasmic camers.14 Ponka et al. also estimated that 
Fe(II1) is reduced before complex formation with PIH and that 
the removal of the complex from the cell is a very slow process 
which probably limits the efficiency of the chelate in iron mo- 
bilization., However, in view of the complexity of the living cell, 
and even if iron is reduced into Fe(1I) prior to complex formation 
and removal, we cannot expect a direct correlation between the 
ability of the chelating ligands to mobilize iron in vivo6 and their 
affinity for Fe(I1) (Table IV). In this process affinity is one factor 
among others which need to be investigated further, mostly from 
a biological standpoint. 
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Single-crystal X-ray diffraction studies were carried out on trans-Ru(DPGH)2(NO)C1 ( I ) ,  trans-[Ru(DMGH)(DMGH2)- 
(NO)CI]Cl (2), and ~ ~ u ~ ~ - R u ( D M G H ) ~ ( N O ) C I  (3) (DMGH = dimethylglyoxime monoanion, DPGH = diphenylglyoxime 
monoanion). These represent the first crystal structures of trans-bis(dioxime) complexes containing ruthenium. Complex 1 
crystallizes in the monoclinic space group C2/c, with a = 10.459 (5) A, b = 10.148 (4) A, c = 26.673 (13) A, j3 = 98.25 (4) A, 
Z = 4, V = 2802 (2) A3, and R = 4.83%. Complex 2 crystallizes in the monoclinic space group P2,/c, with a = 13.8100 (IO) 
A, b = 10.095 (2) A, c = 11.898 (2) A, j3 = 100.780 (10) A, Z = 4, V = 1629.4 (4) A’, and R = 3.05%. Complex 3 crystallizes 
in the orthorhombic space group PZ12121, with a = 7.9920 (10) A, b = 14.251 (2) A, c = 24.666 (2) A, Z = 8, V = 2809.1 (5) 
A’, and R = 3.84%. The crystal structure determinations include the location and refinement of hydrogen atoms associated with 
the oxime oxygens. The existence of two types of hydrogen bonds (&H--CI hydrogen bonds and a symmetric 0-H--0 oxime 
bridge) associated with the oxime oxygen atoms of trans-[Ru(DMGH)(DMGH,)(NO)CI]CI can be clearly demonstrated. 
Furthermore, the crystal structures of both trans-Ru(DPGH),(NO)CI and trons-Ru(DMGH)2(NO)C1 display a third type of 
hydrogen bonding (asymmetric 0-H--0 oxime bridge) involving the oxime oxygen atoms. Thus, three types of hydrogen bonding 
that were previously proposed for trans-bis(dioxime) transition metal complexes can be directly observed within these three 
structurally similar bis(di0xime)ruthenium complexes. In addition, we can now unambiguously assign the 0-H stretching IR 
bands to the proper modes of hydrogen bridging. Temperature-dependent ‘H NMR spectroscopy of trans-[Ru(DMGH)- 
(DMGH2)(NO)C1]C1 was used to measure rate constants of proton exchange, which demonstrated that the solid-state structure 
is maintained in solution. Finally, the cyclic voltammograms of complexes 2 and 3 and the pK, values for the stepwise removal 
of two protons from complex 2 were measured. 

Introduction 
The coordination chemistry of tram-bis(dioxime) transition 

metal complexes continues to attract considerable attention as 

models of vitamin B12,1 dioxygen carriers,, halogen atom ab- 
straction agents’ and catalysts in chemical processes.4J In ad- 

(1 )  Pahor, N. B.; Dreos-Garlatti, R.; Geremia, S.; Randaccio, L.; Tauzher, 
G.; Zangrando, E. Inorg. Chem. 1990,29, 3437-3441. 

(2) Lance, K. A,; Goldsby, K. A.; Busch, D. H. Inorg. Chem. 1990, 29, State University of New York at Buffalo. 
*State University of New York, College at Fredonia. 4531-4544. 
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