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Reactions of iron(I) and iron(Ill) with hydrazinopyridine have been investigated. The
metal-to-ligand ratio of the two complexes was determined to be 1 : 3 and the stability constants
of [Fe(hypz)s]*" and [Fe(hypz)s]’" were evaluated as 2.51 x 10°L3mol™® and 1.94 x
10 L3 mol ™3, respectively. The complex formation reactions were studied kinetically as a
function of [hzpy] at various temperatures (15-37°C) at fixed pH (7.5) using stopped-flow
techniques. Kinetic results suggest that the binding of hzpy with Fe(II) or Fe(III) takes place in
two consecutive steps: a slow and [hzpy] dependent rate- determining step followed by [hzpy]
independent ring closure. The activation parameters for both steps in the two systems have been
calculated. The low AH# (5741, 46 £2kImol ") as well as AH¢ (2140.1, 21 £0.1 kI mol™")
for the first and second steps, respectlvely, and the large neganve values of AS# (—81+4,
—110£5TK "mol™") as well as AS2 (—19743, =197+ 3JK " mol™") for the first and second
steps for both Fe(II) and Fe(III) systems, respectively, indicate associative modes of activation
for both ligand substitution processes. [Fe(hypz);](PF¢), and [Fe(hypz)s](PFg); were isolated
as solids and characterized using CHN, IR, magnetic and UV-Visible measurements.

Keywords: Fe(Il) complexes; Fe(IIl) complexes; Hydrazinopyridine; Kinetics; Stability
constants

1. Introduction

The role of ligands in coordination and organometallic chemistry does not need
emphatic presentation since their fundamental importance in determining the
morphology and the chemical-physical properties of the complexes are well
documented by a wealth of literature data. Pyridylamines find application in the
field of coordination chemistry with different metal ions for their biological,
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spin transition, organometallic and catalytic activities [1-15]. Hydrazinopyridine
(hzpy) is a good ligand for complex formation with metal ions. Very little has been
published on this ligand; its structure, which might involve potential anti-tumor
properties, encouraged us to study its reaction with different metal ions [16-24].
In this investigation, we report the reaction of hydrazinopyridine with iron(II) and
iron(IIl) in solution and in the solid state.

2. Experimental

2.1. Materials

All chemicals used in this study were of the highest purity available. Fe(ClOy),,
Fe(NO;);-9H,0, hydrazinopyridine, KNOj;, hexamine and H,O, were supplied
by Aldrich. All solvents were of analytical grade and were purified by distillation
before use.

2.2. Measurements and synthesis of complexes

Elemental analyses (C, H, N) were performed in the Central Laboratory Unit
(CLU) of UAE University; the analyses were repeated twice. The IR spectra have
been recorded using a NEXUS 470 FT-IR spectrometer, Thermo Nicolet
Corporation, running under the OMNIC software package between
4000-400cm~'. The spectra are recorded using KBr pellets. UV-Vis measurements
were performed with a Cary 50 Conc, VARIAN UV-Vis spectrophotometer, in the
wavelength range 200-900nm. The molar magnetic susceptibilities were measured
on powdered samples (Gouy method) using a Sherwood Scientific magnetic
susceptibility balance.

2.2.1. Synthesis of [Fe(hzpy)s;](PFs);. 0.26g (1mmol) of Fe(ClOy), was mixed
with 1.01g (3mmol) of hydrazinopyridine in 30mL ethanol. The solution was
degassed with nitrogen and 0.34g (2mmol) of NaPF¢ was added and stirred
under nitrogen until the sodium hexafluorophosphate completely dissolved. The
mixture was further stirred in the closed reaction flask for two hours and a dark
violet precipitate separated. The solid complex was filtered off and washed
thoroughly with ethanol, then with diethyl ether and kept under reduced pressure
overnight.

2.2.2. Synthesis of [Fe(hzpy);](PFg);. 0.40g (I mmol) of Fe(NOs)s-9H,O was mixed
with 1.01g (3mmol) of hydrazinopyridine in 30mL ethanol, 0.50g (3 mmol)
of NaPF4 was added and the solution was stirred for two hours where the dark
reddish violet precipitate separated. The solid complex was filtered off and washed
thoroughly with ethanol, then diethyl ether and kept under vacuum overnight.
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2.3. Determination of the complex formula and evaluation of the stability constants

The composition and stability constants for both Fe(Il) and Fe(Ill) complexes with
hzpy were determined spectroscopically by two different methods.

(a) Limiting logarithmic method

For this method, two sets of solutions were prepared. Set 1: solution mixtures of
0.5mL of 0.001 M metal solution mixed with 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75 and 2mL
of the ligand solution. To each solution, the required amount of KNO; was added
to obtain 7=0.1 M. All solutions were buffered to pH="7.5 (hexamine buffer), filled
to the 10-mL mark, and then placed in a thermostated bath at 25°C for 30 min.
The absorbances of the solutions were measured at wavelengths of 562 and 552 nm
for Fe(I) and Fe(III) systems, respectively, by UV-Vis (Cary 50 Conc, VARIAN).
Set 2 was prepared by the same procedure, but with solutions having a constant
ligand concentration (0.5mL of 0.001M of ligand solution) and variable metal
concentration (0.25-2.0mL of 0.001 M metal solution).

(a) Turner—Anderson method

This method is based on preparing a number of solutions by mixing variable
volumes of Fe(Il) or Fe(IIl) solutions (0.001 M) and hzpy solution (0.001 M). The
mixtures were buffered (pH 7.5) and kept in a water bath (at 25°C) for 30 min.
The absorbances of all solutions were measured at wavelengths of 562 and 552 nm for
Fe(Il) and Fe(Ill), respectively. The experiments were repeated using 0.0005M
solutions of the metal ions and hzpy. For each system continuous variation curves
were plotted on the same graph.

2.4. Kinetic measurements

2.4.1. Stopped-flow measurements. Solutions of Fe(Il) or Fe(Ill) of constant ionic
strength (0.1 M using KNO3) were mixed with the appropriate ratio with hzpy and
buffered to pH 7.5 using hexamine buffer. All solutions were carefully deoxygenated
before use and then transferred to the stopped-flow apparatus in sealed syringes.
The spectra of free ligand and the complexes were obtained in the wavelength range
200-900 nm. Kinetic stopped-flow measurements in the visible and near UV region were
carried out with a high speed Applied Photophysics SX.18 MV-R stopped-flow
spectrometer equipped with a diode array detector and a Shimadzu TB thermo-bath
(accuracy +0.1°C) running under the SX.18 MV kinetic package. Rate constant data
were measured under pseudo-first-order conditions (20-60 fold excess of the ligand with
respect to the metal concentration). Experimentally observed rate constant data (kqps)
are an average of six to eight kinetic runs.

3. Results and discussion

3.1. Characterization of the solid complexes

Elemental analyses of the isolated complexes are given in table 1 with good agreement
between the calculated and experimental values. The IR spectra of hzpy showed
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medium to strong band(s) at 3420-3363cm™' and 3308-3287cm™!, assigned to
stretching of the NH, group. These bands are shifted to lower frequencies in
the spectra of complexes, indicating coordination of these groups to metal ions [25].
The coordination of the NH, instead of NH groups is further confirmed from the shifts
of their deformation vibrations found at 1285-1207 cm ™" (pNH,), 1150-1048 (o, NH>)
and 769-759 (p.NH,) to higher frequencies in the spectra of complexes. The pyridine
(py) vibrations at 608cm™' (in-plane ring deformation) and 406cm™' (out-of-plane
ring deformation) were shifted in the spectra of complexes to higher frequencies at
623cm ' and 445-483cm ™!, respectively [25].

The spectra of the isolated complexes were measured in different solvents (table 1).
UV-Vis spectra of [Fe(hzpy);](PF), displayed two absorption bands at 562—575 nm and
377-391 nm. The latter, found as a shoulder, can be assigned to the n—* transition
of the ligand which is shifted upon complexation. The 562-575nm band is assigned
to the d—d transition of the octahedral iron; [Fe(hzpy);](PF¢)s displayed a d—d transition
band at 549-555nm.

The magnetic moments are reported in table 1. [Fe(hzpy);](PFs), complex has
a Uerr value of 3.85 which is associated with a high-spin octahedral geometry, Z‘Q‘geé
[26, 27]; [Fe(hzpy)s](PFg); has a pe of 1.67 which relates to a moment of a single
electron, suggesting a low-spin configuration with tggeg. These findings are consistent
with ligand field strengths, as the amine ligands are considered to interact with
a “‘strong field” with the trivalent metal ions and with “weak to moderate field”
with the bivalent ions [28].

3.2. UV-Vis spectra in solution

A series of solutions was made by mixing 0.5mL of 0.001 M Fe(IT) or Fe(IIT) with
1.5mL of 0.001 M hzpy at different pH values using hexamine buffer (pH range 3.0-10).
The ionic strength of the mixtures was kept constant (0.1 M using KNO3).
The absorbances at 25°C of all solutions were measured at the wavelengths 562 and
552 nm for Fe(Il) and Fe(III) systems, respectively, and plotted against the pH values
of the measured solutions (figure 1). The pH 7.5 was chosen as an optimum pH value
for all consequent UV-Vis spectral studies.

Interactions between Fe(II) or Fe(Ill) with hzpy showed interesting features
(figure 2). The free ligand exhibits two M., values at 248 and 300 nm, which may be
assigned to n—* and m—* transition within the pyridine, respectively. Upon addition
of aqueous solution of Fe(Il), new absorption peaks with maxima at 38land 562 nm
have been observed, whereas on addition of Fe(IIl) only one absorption peak was
observed at 552nm. Time-resolved spectra for the reaction of [Fe'/]
([)=5x10"*M and hzpy ([))=5x10">M are given in figures 3 and 4.
Repetitive spectral scanning for the Fe(II)-hzpy system at 0.16s intervals within ca
60s total time revealed a decrease in the absorbance at 381 nm and increase in
absorbance at 562 nm with increasing time (figure 3). Repetitive spectral scanning for
the Fe(Ill)-hzpy system at the same time interval revealed an increase in absorbance
at 552nm (figure 4).
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Figure 1. Typical plot of the absorbance of Fe(Il)-hzpy and Fe(Ill)-hzpy systems at different pH.
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Experimental conditions: 0.1 mmol complex, /=0.1 M and 7=25°C. The absorbances of all solutions were
measured at wavelengths of 562 and 552 nm for Fe(II) and Fe(III) systems, respectively.
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Figure 2. Spectra of free hzpy, [Fe(hzpy)s]*t and [Fe(hzpy);]** in water at 25°C and pH=7.5
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Figure 3. Repetitive-scan spectra at 0.16s intervals within ca 60s for the reaction of Fe(Il) with hzpy.
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Figure 4. Repetitive-scan spectra at 0.16s intervals within ca 60s for the reaction of Fe(II) with hzpy.
[Fe(IID] =5 x 10~*M; [hzpy] = 1.5 x 10> M; pH 7.5; I=0.1M, 1=25°C.

3.3. Composition and stability constants of Fe(Il) and Fe(IIl) with hzpy

Composition and stability constants of [Fe(hypz);]** and [Fe(hypz);]>" were evaluated
using the limiting logarithmic method [29]. The method depends on measuring the
absorbance of metal and ligand solutions in which the concentrations of the two species
are varied at constant total ionic strength of 0.1 M KNOj (sets 1 and 2, experimental
part). It is assumed that Beer’s law is applicable within the working range and
that the maximum absorption is proportional to the concentration of the complex,
i.e. (log A vs. log[M,,L))).
For the reaction

mM + IL < M, L, (1)

the stability constant K is given by

M, L
K = [ 'rZ l]l (2)
[M]"[L]
By taking logarithm of equation (2)
log[M,,,L;] = mlog[M] + llog[L] + log K 3)

the values for m and / could be found by plotting (logA vs. log[M] and (log 4 vs.
log[L]), respectively, for the two sets of solutions in which one set has constant metal
and variable ligand concentration and the other set has constant ligand and variable
metal concentration (figure 5). Both log[M] and log[L] refer to the free metal and ligand
concentration which could be evaluated by subtracting the amount of metal or ligand
bound as [M,,L;] calculated at the peak absorption curves (e=750M'cm™' at
A=562nm and e=762M 'cm™! at A=552nm for [Fe(hypz);]*" and [Fe(hypz)s]**
complexes, respectively) from the total metal or ligand concentration. The slope of the
curve in case I gives ““/”” while that in case II gives “‘m’” so that K and the composition of
the complex can be evaluated.
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Figure 5. The limiting logarithmic method. Set I at constant [Fe(IT)] of 0.001 M and Set II at constant [hzpy]
of 0.001 M.

The slope for set I was found to be /=0.743, and that of the second set m=0.253.
Therefore, the composition of the complex =/m =2.94=23 suggesting a tris complex
species MLy ([Fe(hzpy)s]*"). Accordingly, logK was found to equal 2.33 and hence
K =2.14x 10> L’ mol .

The stability constant and the composition of the complex were re-determined using
the Turner—Anderson method [30], which consists of plotting two continuous variation
curves for a given range of compositions using two different concentrations (0.001 M
and 0.0005M). If the initial concentrations of metal ion and ligand are a and b,
respectively, then

X

K:(a—xi(b—x)

“4)
where K is the stability constant and x is the concentration of the complex. Therefore,
for any two solutions on the two curves with the same optical density,

X X
K a6 =9~ @ ==

)

where subscripts 1 and 2 refer to reagent concentrations. Selecting two sets from the
graphs  representing a;=1.6x10"% 5 =40x10"*M and @ =50x10">,
h,=5.0x10"M figure 6 is obtained. With this the stability constant (K) of
[Fe(hzpy)s]** complex was evaluated; K =2.51 x 10>°L*mol ™ is in good agreement
with the previous value resulting from the limiting logarithmic method. It can be seen
from the figure that the composition of the complex ML, is n=Xy/Xmy=3.1,
confirming the 1:3 (M:L) complex species.

The composition and stability constant of Fe(Ill)-hzpy system were evaluated by
the same way as Fe(ll)-hzpy system. The composition was set as MLz with stability
constant equal to K=1.94 x 10° L* mol .
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Figure 6. Turner—Aanderson method: continuous variation curves for Fe(Il)-hzpy system.
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Figure 7. Typical kinetic trace for reaction between Fe(IT) (5 x 10~*M) and hzpy (1.5 x 107> M) at pH 7.5,
I=0.1M and 1=25°C. The trace was fitted to double exponentials by following the growth in the absorbance
at 562 nm. The lower trace represents the difference between the experimental and calculated curves.

3.4. Kinetic investigations

The reactions of Fe(Il) and Fe(IIl) with hzpy were followed under pseudo-first-order
conditions using an excess (20-60-fold) of the nucleophile over the metal ions to ensure
complete reaction. The reaction traces for both systems showed a bi-exponential growth
with time (figures 7 and 8). The pseudo-first-order rate constants were extracted by
fitting the kinetic traces for both systems to equation (6) [31]:

Ay = a;exp —kobs (D)1 + ajexp —kobs () + Ao (6)



10: 07 23 January 2011

Downl oaded At:

2026 A. A. Soliman et al.

0.5
0.49 1
0.48 1
0.47 1
0.46 A
0.45 1
0.44 1
0.43 A
0.42 A
0.41 1

0.4 T T T T T T T T T
0 5 10 15 20 25 30 35 40 45 50

Absorbance

5.00E-03

0.00E+00 -

—-5.00E-03
Time (s)
Figure 8. Typical kinetic trace for reaction between Fe(IIT) (5 x 10~* M) and hzpy (1.5 x 107> M) at pH 7.5,

I=0.1M and t=25°C. The trace was fitted to double exponentials by following the growth in the absorbance
at 552nm. The lower trace represents the difference between the experimental and calculated curves.

Table 2. Values of observed pseudo-first-order rate constants for the regction of Fe(Il) and Fe(I1l) with
hzpy at different temperatures, pH 7.5, I=0.1M and [Fe"/™ =5 x 107* M.

Fe(Il) Fe(III)
1 (°C) [hzpy] Kobst (571 kobs2 (571 opst (571 kops2 (571
15 0.010 0.32 0.06 0.73 0.10
0.015 0.34 0.06 1.00 0.13
0.025 0.40 0.05 1.30 0.09
0.030 0.45 0.05 1.60 0.11
25 0.010 0.46 0.11 111 0.19
0.015 0.54 0.09 1.37 0.16
0.025 0.68 0.10 1.72 0.18
0.030 0.74 0.10 2.00 0.17
37 0.010 0.60 0.11 1.31 0.21
0.015 0.71 0.12 1.72 0.23
0.025 0.90 0.12 2.00 0.23
0.030 112 0.10 2.23 0.23

The terms a; and a; are the changes in absorbance and kops(i) and kops(j) are the
pseudo-first-order rate constants for the reactions. The ks values were evaluated by
stopped flow technique as an average of six to eight reaction traces at a particular
concentration of nucleophile, within an error limit £5.0%. ks values were determined
from log(A,— A,) versus time plots using conventional UV-Vis spectrophotometry.
The kg, values are the average of triplicate runs. All k., values as a function of [hzpy]
are listed in table 2.
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Figure 9. Plot of ks vs. [hzpy] for reaction of Fe(Il) with hzpy at pH 7.5, /=0.1M and r=25°C.
[Fe(ID] =5 x 107* M.

3.4.1. Reaction of Fe(Il) and Fe(IIl) with hzpy. The formation reaction of both
[Fe(hzpy);]°* and [Fe(hzpy)s]** involves a consecutive three-step mechanism.

[Fe"(H,0)] + hzpy i)(—l[FeII(thy)(HzO)4]2+ + 2H,0 (very fast) (7
k—1

k
[Fe" (hzpy)(H,0),J"* + hzpy < [Fe" (hzpy),(H,0),]*" 4 2H,0 (very fast)  (8)
k=2
kg
[Fe'l(hzpy),(H,0),1>* +hzpy & [Fell(hzpy),(hzpy—-N)(H,0)]** + H,O (slow) &)

T

Ring closurel(very slow)

[Fe'l(hzpy),(hzpy-N,N)1>* + H,0

The kinetic investigation of these reactions show that v;>»>wv_; and v,> v_,.
Because of the relative magnitudes of these reaction rates, the overall reaction
goes very fast to completion. The fastness of the first two steps is shown from the
large and fast absorbance changes at the start of the reactions (figures 7 and 8).
This could not be followed in figures 3 and 4 which have been collected over 60s
starting from 0.16s which seems to lie above the time needed for these fast reactions.
The steric hindrance caused by the first and second substitution processes of the two
hzpy ligands probably accounts for the slowness of the third step, i.e. vy and v, > vs,
so a sensible approximation is to ignore the back reactions and model the
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Scheme 1. Schematic representation of the reaction of Fe(II) with hzpy.

Table 3. Rate constants for reaction of Fe(II) and Fe(III) with hzpy at different temperatures, pH=7.5,

I=0.1M and [Fe""™=5x10"*M.

Fe(1l) Fe(I1I)
t(°C) keM™'s™h ke s7H keM™'s™h ke s7h
15 6+0.1 0.3+0.2 39+1.0 0.440.0
25 1440.1 0.3 £0.0 4342 0.740.0
37 2540.2 0.4+0.1 4742 0.9+0.3
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Table 4. Comparison between the activation parameters for Fe(II) and Fe(I1I) systems.

Systems AHT (kJmol™) AST (J K 'mol™) AHZ (kJmol™) AHZ (JK ™ 'mol™")
Fe(II) 57+1 —81+4 2140.1 —197+3
Fe(I1I) 46+2 —110+5 2140.1 —19743

mechanism of the first two reactions using two irreversible steps while the third is
reversible step, or

Fe(II) 4+ hzpy R e-(hzpy) + hzpy LN Fe-(hzpy), + hzpy i<—) Fe-(hzpy);
ky

If one step in this reaction mechanism is much slower than the other, the slow step
effectively controls the overall reaction rate. In the present study the first two steps are
much faster than the third, so the third step is rate determining. In this particular case,
the rate of overall reaction will be given by the rate of the rate-determining step, and the
kinetic behavior of the present systems can be rationalized in terms of the following rate
expression (equation (10)).

kovs = kilhzpy] + k: (10)

Depending on the above assumption, the kinetic traces (growth at 562nm and
552 nm) for both Fe(Il) and Fe(III) systems, respectively, shown in figures 7 and 8, were
found to be double exponential. The values of the observed rate constants (kopsi)
corresponding to the primary step in the third substitution process (slow step) involving
the coordination of the third hzpy ligand through N atom of the pyridine moiety,
exhibited linear dependence on the [hzpy] with an appropriate intercept (figure 9),
suggesting operation of the reverse reaction. The rate constant values (Kops») involving
coordination of exocyclic -NH, group of hzpy to Fe(Il) and Fe(III) centers by
dislodging the sixth coordinated water, showed no dependence on the nucleophilic
concentration. Scheme 1 is suggested.

As indicated in equation (10), plots of kps versus [hzpy] were linear, as shown in
figure 9. The values of kr and k, determined from the slopes and intercepts of such plots
are summarized in table 3, k; values were evaluated as 43+2M7's™' and
14+0.1M~'s7! for Fe(IIl) and Fe(II) systems, respectively, at 25°C, indicating that
Fe(I1T) reacts with hzpy about 3 times faster than Fe(II).

3.4.2. Effect of temperature on reaction rates. The values of AH” and AS7,
determined from Eyring’s equation [32], are listed in table 3. The obtained activation
parameters (AHTé =57+ 1kJmol™', ASTé =—81+4JK™! molfl), (AH7é =210+
0.1kJmol™", AST=—197+3JK 'mol™") and (AH] — 46+ 2K mol |, AS] =
—1104£5JK "mol™"), (AHZ =21.04+0.1kJmol~', AS} =—197+3JK 'mol™") for
the first step and second step in the Fe(Il)-hzpy and Fe(I1I)-hzpy systems, respectively,
are listed in table 4. These values suggest an associative mode of activation for
substitution. The low AH” values imply a pronounced degree of ligand participation in
the transition state and the negative entropy of activation implies increased ordering.
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This can be explained by formation of three five-member rings due to participation of
exocyclic NH; in the coordination.

4. Conclusions

Fe(Il) and Fe(IIl) react with hydrazinopyridine (hzpy) to form stable complexes,
[Fe(hzpy);]** and [Fe(hzpy);]*". During complex formation, there was no evidence for
reduction of Fe(IIl) to Fe(Il) by hzpy. The rate constant values (k¢) and the activation
parameters (AH” and AS7) listed in tables 3 and 4 suggest that Fe(III) reacts faster and
forms more stable complex than Fe(II). This is also supported by the higher stability
constants of [Fe(hzpy)s]’* over that of [Fe(hzpy)s]**.
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