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Kinetics of oxidation of phenylhydrazine by a l-oxo

diiron(III,III) complex in acidic aqueous media
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Phenylhydrazine (R) quantitatively reduces [Fe2(�-O)(phen)4(H2O)2]
4þ (1) (phen¼ 1,10-

phenanthroline) and its conjugate base [Fe2(�-O)(phen)4(H2O)(OH)]3þ (2) to [Fe(phen)3]
2þ

in presence of excess 1,10-phenanthroline in the pH range 4.12–5.55. Oxidation products
of phenylhydrazine are dinitrogen and phenol. The reaction proceeds through two parallel
paths: 1þR! products (k1), 2þR! products (k2); neither RHþ nor the doubly deprotonated
conjugate base of the oxidant, [Fe2(�-O)(phen)4(OH)2]

2þ (3) is kinetically reactive though both
are present in the reaction media. At 25.0�C, I¼ 1.0M (NaNO3), the rate constants are
k1¼ 425� 10M�1 s�1 and k2¼ 103� 5M�1 s�1. An inner-sphere, one-electron, rate-limiting
step is proposed.

Keywords: Kinetics; Oxidation; Redox; Iron(III); Phenylhydrazine

1. Introduction

The �-oxo diiron(III,III) unit, {Fe–O–Fe}4þ, is unavoidable in iron chemistry, both in
abiological and biological environments. Several diiron complexes having oxo- or
hydroxo-bridges were structurally known by the late 1970s [1] though the first knowl-
edge of their biological relevance came later with the single-crystal X-ray structures of
two naturally occurring proteins, hemerythrin [2] and ribonucleotide reductase [3]
(dinuclear oxo iron sites). With this in mind, chemists and biochemists prepared many
synthetic models for the latter species (mostly structural) involving di- and multinuclear
oxo/carboxylato-bridged iron complexes of intriguing diversity [4]. Despite the
availability of a large number of such synthetic polyiron species, their reactivity and
mechanism of reaction have received little detailed attention [5].

The chosen oxidant for the present study, [Fe2(�-O)(phen)4(H2O)2]
4þ (phen¼ 1,10-

phenanthroline, figure 1), is a Raman spectroscopic model [6] for the binuclear iron
site in ribonucleotide reductase and methemerythrin, the oxidised form of the oxygen
transport protein hemerythrin. The complex is quite soluble in water and its solutions
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are fairly stable towards self-decomposition in the pH range 3.0–7.0 in the presence
of excess 1,10-phenanthroline.

Phenylhydrazine is a common reducing agent with a broad spectrum of oxidised
products depending on oxidizing agents and intermediate species formed during oxida-
tion [7]. Phenylhydrazine may offer much greater versatility than hydrazine with respect
to reaction products and pathways leading to them. However, detailed studies of the
oxidation of phenylhydrazine are known with only a limited number of oxidants.
In striking contrast to hydrazine, phenylhydrazine has poorly defined redox chemistry
and it is difficult to speculate on reaction products with a new oxidant. We report
here the oxidation kinetics of phenylhydrazine by [Fe2(�-O)(phen)4(H2O)2]

4þ, an
overall 2 electron oxidant.

2. Experimental

2.1. Materials

Crystals of [Fe2(�-O)(phen)4(H2O)2](NO3)4 � 5H2O were prepared by a known
method [6]. Samples gave satisfactory electronic spectra [6] and elemental analyses
Anal. Calcd for C48H32Fe2O13N12 � 7H2O (%): C, 47.15; H, 3.8; N, 13.75; Fe, 9.1.
Found: C, 47.1; H, 3.7; N, 13.7; Fe, 9.0. Stock solutions of phenylhydrazine were
prepared from phenylhydrazine hydrate (Merck, G. R.) with appropriate dilution
and standardised spectrophotometrically [8] at 730 nm using excess phosphomolybdic
acid and ca 0.03M HCl. Preparation, storage and standardisation of NaNO3,
[Fe(phen)3](NO3)3, and [Fe(phen)3](NO3)2 were described earlier in detail [5e].
All reported kinetic and equilibrium data are for 25.0�C, I¼ 1.0M (NaNO3). Doubly
distilled and then freshly boiled water was used throughout.

2.2. Physical measurements and kinetics

All absorbance values and electronic spectra were recorded with a Shimadzu 1601 PC
spectrophotometer with 1.00 cm quartz cells as described earlier [5e]. Excess 1,10-
phenanthroline, Cphen (¼[Hphen]þþ [phen]), 3–10mM, was used in all kinetic
runs. Solution pH values were measured using an Orion 710A pH meter with
a combined electrode, details of which can be found elsewhere [9]. For faster

4+

N

N

N
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Figure 1. Graphical structure of [Fe2(�-O)(phen)4(H2O)2]
4þ.
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reactions, mixing of reactants (pre-equilibrated at desired pH) was carried out in the
spectrophotometer cells [10].

2.3. Equilibrium measurements

Acid dissociation constants of phenylhydrazine were determined by pH-metric titration
of several aliquots with carbonate-free standard NaOH solution using a Metrohm
736GP Titrino autotitrator.

2.4. Stoichiometry and reaction products

Under kinetic conditions electronic spectra of product solutions confirmed quantitative
(99� 2%) formation of 2 moles of [Fe(phen)3]

2þ as the only iron product per mole of
oxidant. The gaseous product formed during the reaction was collected over a saturated
sodium chloride solution and analysed by gas chromatography using a Chemito (India)
GC 8610 equipped with TCD, a Porapack Q and molecular sieve 13X column as
described earlier [11]. The oven, injector and detector temperatures were kept at
40, 110 and 150�C, respectively. The carrier hydrogen gas flow was adjusted to
30 cm3min�1. Formation of aniline, benzene or phenol as phenylhydrazine oxidation
products was qualitatively analysed by HPLC. A reaction mixture initially containing
0.2mM of diiron(III) complex was reacted with 2.0mM phenylhydrazine at pH 4.0
in the presence of 3.0mM of 1,10-phenanthroline. After completion of the reaction,
excess NaClO4 was added to the reaction solution. Precipitated [Fe(phen)3](ClO4)2
was removed by filtration and the colourless filtrate applied to a HPLC system
at 25.0�C (Shimadzu LC 8A) using a Phenomenex C18 column (length 25 cm,
diameter 4.6mm) with MeOH/H2O (60/40, v/v) as mobile phase [12], a flow rate of
1.0 cm3min�1 and detection at 270 nm.

3. Results and discussion

3.1. Stoichiometry and reaction products

Results of at least five determinations yielded �[N2] :�[FeIII2 ]¼ 0.47� 0.04 as deter-
mined by GC analysis after complete reduction of the iron complex. Retention times
found in HPLC experiments confirmed phenol (5.003min, observed in the product
mixture; 4.995min for pure phenol) as the only oxidation product present with
unreacted phenylhydrazine (2.885min, observed in the product mixture; 2.799min
for pure phenylhydrazine). These results, along with the quantitative formation
of [Fe(phen)3]

2þ confirmed an overall 4e oxidation of phenylhydrazine (1).

2½FeIII2 ð��OÞðphenÞ4ðH2OÞ2�
4þ

þ C6H5NHNH2 þ 4phen

! 4½FeðphenÞ3�
2þ

þ 5H2Oþ C6H5OHþN2 ð1Þ
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3.2. Equilibrium studies

The built-in program of the autotitrator yielded a pKa of 5.20� 0.10 for mono-
protonated phenylhydrazine (defined as RHþ), in excellent agreement with reported
values [13] under similar conditions (5.20 at 25.0�C, I¼ 1.0M [13a], 5.20 at 25.0�C,
I¼ 0.5M, 20% EtOHþ 80% H2O [13b]). Complex 1 behaves as a mild dibasic acid
in aqueous solution and its acid dissociation constants are pKa1¼ 3.71� 0.05
and pKa2¼ 5.28� 0.10 (both at 25.0�C, I¼ 1.0M) [5e].

½Fe2ð�-OÞðphenÞ4ðH2OÞ2�
4þ

1

��*)��
Ka1

½Fe2ð�-OÞðphenÞ4ðH2OÞðOHÞ�
3þ

2

þHþ ð2Þ

½Fe2ð�-OÞðphenÞ4ðH2OÞðOHÞ�
3þ

2

��*)��
Ka2

½Fe2ð�-OÞðphenÞ4ðOHÞ2�
2þ
þ

3

Hþ ð3Þ

3.3. Kinetics

In weakly acidic solution, the pH interval chosen for the present study, the oxo-bridge
in 1 is stable and self-decomposition is negligible. We used excess 1,10-phenanthroline in
all kinetic measurements to suppress any hydrolysis and thus minimized the number of
reactive iron(III) species. High Cphen also sequesters foreign metal ion impurities and
excludes any possible metal-catalysed degradation of phenylhydrazine [14]. Excess
Cphen also buffers the reacting solutions to well within 0.05 units.

The reaction follows excellent first-order decay of 1 as evidenced by good linear plots
(r� 0.99) of log(A/�At) versus time, where A/ and At stand respectively for the absor-
bance of final [Fe(phen)3]

2þ (¼2[1]Total) and ½FeðphenÞ3�
2þ
t (¼2[1]consumed at time t),

whence first-order rate constants, k0, were evaluated (table 1). In the investigated pH
range the k0 versus pH plot has an inverted bell shape that indicates the presence of
more than one acid-base equilibrium (figure 2) [15]. The k0 values remained invariant
in the presence of Cphen¼ 3.0–10.0mM and this clearly indicates no phen dissociation

Table1. Representative first-order rate constantsa at 25.0�C,
I¼ 1.0M (NaNO3).

pH TR (mM) Cphen (mM) 104k0 (s
�1)

4.12 0.50 3.0 65
4.30 80
4.51 115
4.72 139
4.92 146
5.10 163
5.31 146
5.55 132
4.30 0.35 50
4.31 1.0 145
4.30 1.5 212
4.30 2.0 295
5.11 0.50 10.0 161
5.55 0.50 3.0 136b

4.50 0.50 6.0 118c

a [diiron complex]¼ 0.05mM. bAt I¼ 0.5mM (NaNO3) 104k0¼ 135 s�1.
c In the presence of added 0.05mM ferroin 104k0¼ 113 s�1.
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from the complex under the experimental condition chosen; at a particular [Hþ]
we observed a purely linear dependence of k0 on TR (¼[C6H5NHNHþ

3 ]þ
[C6H5NHNH2]). On increasing pH, the concentration of deprotonated C6H5NHNH2

increases, with the expected superior reactivity over its conjugate acid C6H5NHNHþ
3 ,

whereas the less reactive deprotonated form of the oxidant [16] continually increases.
At upper pH values a substantial decrease in rate is observed. It was also found that
k0 did not depend on ionic strength in the range 0.1–1.5M (table 1) and this supports
reaction of an uncharged species (C6H5NHNH2). Equilibria (2)–(4) along with the rate
steps in scheme 1 describe the kinetic observations.

The scheme leads to the rate law

½k0�ðKa þ ½Hþ�Þ�=KaTR ¼ k1 þ k2Ka1=½H
þ� þ k3Ka1Ka2=½H

þ�
2

ð8Þ

where

� ¼ ð1þ Ka1=½H
þ
� þ Ka1Ka2=½H

þ
�
2
Þ ð9Þ

RHþ ��*)��
Ka

RþHþ ð4Þ

1 þ R �!
k1

Products ð5Þ

2 þ R �!
k2

Products ð6Þ

3 þ R �!
k3

Products ð7Þ

Scheme 1. Possible rate steps of the oxidation of phenylhydrazine by the FeIII2 dimer.
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Figure 2. Plot of k0 (s�1) vs. pH at [complex]¼ 0.05mM, TR¼0.50M, Cphen¼ 3.0mM, T¼ 25.0�C,
I¼ 1.0M (NaNO3).
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Equation (8) shows the left-hand-side would be a second-order polynomial in [Hþ]�1

but the left-hand-side of (8) versus 1/[Hþ] plot yielded an excellent straight line with
a statistically significant intercept (figure 3, r>0.99), which indicates essentially zero
reactivity of 3. Thus we find the rate steps (5) and (6) are sufficient to predict the observed
behaviour of rate dependence on pH. The rate equation in this way simplifies to (10).

½k0�ðKa þ ½Hþ
�Þ�=KaTR ¼ k1 þ k2Ka1=½H

þ
� ð10Þ

The intercept and slope (divided by Ka1) of the plot in figure 3 yielded
k1¼ 425� 10M�1 s�1 and k2¼ 103� 5M�1 s�1. These second-order rate constants
generate observed k0 values satisfactorily. It is of note that with the stoichiometric
factor 2, these rate constants are twice that of the proposed one-electron rate determin-
ing steps {Fe2O}4þþC6H5NHNH2! {Fe2O}3þþC6H5NHNHþ

2 (vide infra).

3.4. Mechanism

The reactivity order k1> k2 and non-reactivity of C6H5NHNHþ
3 support the well-

accepted view that protonated oxidants reacts faster than their conjugate bases and
the reverse is true for reducing species [16]. In comparison to the N2H4 reduction [5e]
of the oxidant, we find phenylhydrazine reacts much faster. This may be attributed
to the availability of much higher concentrations of reactive C6H5NHNH2 than
N2H4 under the experimental condition as the conjugate acid C6H5NHNHþ

3

(pKa¼ 5.20) is far more acidic than N2H
þ
5 (pKa¼ 8.18) [17].

The unidentate ligand bound to each high-spin iron(III) in the iron(III)
dimer is labile as evidenced from the rapid aquation of [L4Cl2(�-O)FeIII2 ]2þ

0 1×105 2×105 3×105 4×105

0.0

2.0×103

4.0×103

6.0×103

8.0×103

[k
0α

(K
a 

+
 [H

+
])

]/K
aT

R

1/[H+] (M−1)

Figure 3. Plot of [k0�(Kaþ [Hþ])]/KaTR vs. 1/[Hþ]; [complex]¼ 0.05M, TR¼ 0.50M, Cphen¼ 3.0mM,
T¼ 25.0�C, I¼ 1.0M (NaNO3).
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to produce [L4(H2O)2(�-O)FeIII2 ]4þ [18], which also instantaneously produces
[L4(SCN)2(�-O)FeIII2 ]2þ on adding KSCN (L¼ 2,20-bipyridine or 1,10-phenanthroline)
[18, 19]. An inner-sphere attachment of moderately basic C6H5NHNH2 to the
iron(III) centre is thus anticipated. Stynes et al. [20] noted that weakly basic amines
form adducts (equilibrium constants � 103) with the oxo-bridged diiron(III) complex
[AFe(dmgBF2)2]2O (dmgBF2¼ difluoro(dimethylglyoximato)borate, A¼CH3CN,
which is axially bound). This ligation was also established with donors like pyridine
or methylimidazole, which are not easily oxidized [21]. Phenylhydrazine is a much
stronger base than amines or NH2OH and is expected to form strong adducts with
iron(III). Holding the inequality Ki[C6H5NHNH2]� 1 (Ki¼ pre-equilibrium constant
for adduct formation, i¼ 1, 2 for the oxidant species 1 and 2), an estimated upper
limit of Ki is around 104, with no definite lower limit.

A net 2e change is necessary per iron(III) dimer to completely reduce it to
[Fe(phen)3]

2þ in the presence of 1,10-phenanthroline. We propose the rate-determining
steps to be one-electron changes in the intermediates to form the respective
FeII–O–FeIII dimers that quickly transform to products either by aquation or by further
reduction to Fe(II) and Fe(III) monomers. The Fe(III) monomer is further reduced to
Fe(II) monomer and ultimately forms ferroin where all subsequent steps are kinetically
silent. The [Fe2O]4þ core in the FeIII2 dimer gains stability from the superexchange of the
two high-spin iron(III) centres linked by an oxo-bridge [22]. However, high-spin
iron(II) and iron(III) are probably less strongly bound to O2�, since both the oxidation
states having two antibonding electrons are directed towards bond axes that would
impart weaker FeII–O–FeIII or FeII–O–FeII bonds and the oxo-bridge in the
mixed-valence system FeII–O–FeIII is in generally putative outside a protein
environment [23]. This thus substantiates our one-electron proposal to form [Fe2O]3þ

and C6H5NHNHþ
2 in the rate-determining step. Existence of very highly reactive

short-lived phenylhydrazyl radicals formed from phenylhydrazine has been established
by fast-flow EPR spectroscopy [24].

We have only phenol as the organic product in the reaction, along with N2, and there
is no indication of even minor amounts of benzene or aniline in the products. We thus
conclude that the C6H5NHNH

.þ

2 radical leads to products via the intermediate forma-
tion of the diazonium cation C6H5N

þ
2 , though we could not trap any such intermediate

with alkaline �-napthol. This suggests fast hydrolysis of C6H5N
þ
2 , leading to phenol

with evolution of N2.
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